New Approaches to Improve Thermocouple Thermometry to 2000&deg;C. by Ongrai, Oijai.
New Approaches to Improve 
Thermocouple Thermometry to 2000 C
Oijai Ongrai
A thesis submitted for the degree of Doctor of Philosophy
Advanced Technology Institute and Department of Physics 
Faculty of Engineering and Physical Sciences 
University of Surrey
This research programme was carried out in collaboration with NPL 
(National Physical Laboratory, UK)
March 2012
ProQuest N um ber: 27696229
All rights reserved
INFORMATION TO ALL USERS 
The qua lity  of this reproduction  is d e p e n d e n t upon the qua lity  of the copy subm itted.
In the unlikely e ve n t that the au tho r did not send a co m p le te  m anuscrip t 
and there are missing pages, these will be no ted . Also, if m ateria l had to be rem oved,
a no te  will ind ica te  the de le tion .
uest
ProQuest 27696229
Published by ProQuest LLO (2019). C opyrigh t of the Dissertation is held by the Author.
All rights reserved.
This work is protected aga inst unauthorized copying under Title 17, United States C o de
M icroform  Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346
Abstract
Thermocouples are widely used temperature sensors and convenient high temperature 
transfer standards. However, the achievable accuracy is limited by the effects of 
inhomogeneity, drift and contamination. The work reported in this thesis focuses on 
approaches to reduce the uncertainty of temperature measurement with thermocouples 
up to 2000 °C. These approaches are qualification of new thermocouple types and the 
investigation of two approaches to self-calibration at high temperatures utilising 
recently developed high temperature fixed points whose transition temperatures are in 
excess of the Cu fixed point (1084 °C).
Robust high performance elemental thermocouples (Pt/Pd) have been developed and a 
comparative study performed relative to more conventional types to quantitatively 
demonstrate the enhanced performance of the new thermocouple. It was found that 
the Pt/Pd thermocouple showed substantially better stability and lower homogeneity 
than the two type R thermocouples during a 500 h ageing programme at 1350 °C. The 
special type R thermocouple, which was given the same preparatory treatment as the 
Pt/Pd thermocouple, showed better stability and homogeneity than the normal type R 
thermocouple.
The development of in-situ calibration methods is described. The initial development 
of the "'integrated c e ir  method where the mini-fixed point cells are integrated and 
formed into a measurement junction was investigated. Four fixed point materials were 
investigated; Ag (962 °C) and the metal-carbon eutectic fixed point cells of Co-C 
(1324 °C), Fe-C (1153 °C) and Pd-C (1492 °C). It was found that this approach is 
significantly influenced by the thermal gradient within the furnace. Nonetheless, the 
experimental results show good repeatability of melting plateaux for monitoring 
calibration drift of the sensor in-situ. Because this approach is restricted to bare wire 
thermocouples it cannot be easily used above 1500 °C hence a different "immersion 
c e ir  approach was followed.
In order to extend the possibility of self-calibration above 1500 °C, "immersion cells''', 
for the in-situ calibration of mineral insulated metal sheathed W/Re thermocouples 
(type C), were developed. The refractory metal W/Re thermocouple, is widely used to 
at least 2300 °C in industry and hence an appropriate subject for study. The 
development and construction of immersion cells made from metal-carbon eutectic 
fixed points; Co-C (1324 °C), Pd-C (1492 °C), and Ru-C (1954 °C) is discussed. A 
multi-mini cell for the W/Re thermocouple was also trialled. Given the significant 
drift observed with W/Re thermocouples it is clear that the immersion cell is required 
to reduce thermocouple temperature measurement uncertainty at high temperatures. 
These developments were supported by appropriate thermal modelling. This is 
described at the appropriate part of the relevant chapters.
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Chapter 1 
Introduction
1.1 Introduction
The accurate measurement and control of temperature in science and industry is 
essential to maintain high quality of manufactured products and efficient operation of 
industrial processes. In addition for high temperature processes, such as nuclear 
reactors, jet engines and chemical processing, the safe operation, which is crucially 
dependent on temperature, is a serious concern. An example of the high temperature 
measurement concern is to improve jet air engine efficiency. The jet air engine 
demands a higher turbine inlet temperature to improve its efficiency. The gas turbine 
blades are subjected to high temperature and thermal stress throughout the repeated 
sequences of operation. In order to extend the service life of the blades, it is necessary 
to ensure that the blades are not in failure conditions such as creep, fatigue and 
deformation, which lead to the severe fails to the aeroplane services. Applying 
suitable heat treatment, while at the same time reducing the tolerances on the 
temperature control of the heat treatment furnace, results in improvement of material 
properties [1]. Thermocouples are the principal temperature sensors used to control 
the ambient heat treatment temperature inside the fiimace. The materials require 
thermal annealing above 1300 °C with a tolerance of ±3°C [2] which is very difficult 
to achieve at the limit of current performance of the thermocouple.
Within this chapter the development of temperature measurement and the temperature 
scale will be introduced. The principle of temperature sensors especially 
thermocouples and calibration will be explained. The aim and objectives of the 
research performed in this thesis will be given at the end of this chapter.
1.2 The evolution of temperature measurement and 
thermodynamic temperature
The concept of temperature measurement originated as a measure degree of hotness 
and coldness in daily human experiences. The first device to measure temperature the 
‘Thermoscope’ was invented by Galileo in 1592. The thermoscope consists of a glass 
bulb connected to a long tube immersed in liquid. The level of liquid column varies as 
the function of the expansion and contraction of the air due to the ambient 
temperature. In 1654 Ferdinand II invented the first liquid in glass thermometer by 
using the spiral-elosed end tube. The thermal expansion of liquid was used instead of 
air to detect temperature changes. A decrease in the liquid tube’s diameter was needed 
to increase the temperature sensitivity. The tube formerly contained the spirits of wine 
until 1708 when Fahrenheit substituted mercury for spirits due to its more linear 
expansion with temperature. Fig. 1.1 shows the thermometer in sixteenth century.
ir^
Figure 1.1 The thermometers in sixteenth century (a) The first thermometer, 
thermoscope (b) The liquid in glass thermometer in earlier [3].
Fahrenheit began to calibrate his thermometer by using the mixture of sea salt, ice and 
water to produce a zero point. The second point at 32 degrees was an ice point and the 
third point at 96 degrees was the body temperature. It was in 1740 Celsius invented 
his scale defining 0 at the water steam point and 100 at the ice point. A few year later 
this scale was inverted to the current well-known Celsius scale [3]. The comparison of
common temperature scales; Celsius, Kelvin, Fahrenheit, and Rankine, is given in 
Fig. 1.2.
Boiling point of -j- ioo“ 
water
Ice point 0
Absolute zero — 273
K
— 373
- -  273
0
212 '
32'
O'
-460'
R
— 492'
672'
Figure 1.2 Common temperature scales; Celsius, Kelvin, Fahrenheit and Rankine.
In 1854 William Thomson, later known as Lord Kelvin, first introduced an 
understanding of temperature in terms of fundamental thermodynamics. He proposed 
a thermodynamic temperature definition based on the second law of thermodynamics 
using the concept o f a special heat engine operating over a reversible Carnot cycle 
having the ratios o f temperature depend on the ratios of heats exchange to identify the 
thermodynamic temperature [3]. The unit of one kelvin (1 K) was defined as 
1/273.16 of the temperature interval between absolute zero and the triple-point 
temperature of water, i.e. the temperature of which the solid, liquid and gas phases o f 
water are at equilibrium^ A practical realisation o f a triple point is shown in Fig. 1.3.
 ^The definition o f the kelvin should refer to a specified isotropic composition o f the water [4].
3
Thermometer well
-W ater vapour
Water
Ice m antle
Figure 1.3 A water triple point cell showing the frozen ice mantle surrounding by 
liquid water. The space above the cell contains only water vapour at a pressure of 
about 612 Pa. The cell needs to be stored in the ice bath during use [5].
A thermodynamic temperature {T) can be expressed in the way connected to Celsius 
temperature {t) defined by
T/ÏÇ +273.15
The linear expansion with temperature of the particular gas, hydrogen, was adopted to 
create the gas thermometer in 1889 after Gay-Lussac introduced the law of gas 
property demonstrating a directed proportionality between temperature and pressure 
in a constant volume. It can be said that the gas thermometer is the first thermometer 
to derive thermodynamic temperatures.
The mid 19^ '" century was the key period in the development of thermodynamics and 
statistical mechanics. Finally, the meaning of temperature was described by 
combining the work of Maxwell, Boltzmann and Gibbs to solve the problem that the 
temperature is proportional to the average kinetic energy of each atom. The principle 
of thermodynamics and statistical mechanics are exploited and applied to the 
thermodynamic thermometers. Some examples of this are shown in Table 1.1.
Thermometer Thermodynamic relation
Gas thermometer: pressure (P) and volume (V) of gas PV=NAkT 
versus number of molecules (Na) and temperature 
(7)
Total radiation thermometer: total radiance (L) versus 4
temperature ^  ~ ^
Spectral band radiation thermometer: spectral radiance,
( )  versus wavelength (À )  and temperature = ^ 5
Acoustic thermometer: speed of sound (c j versus 2 _ yRT
specific heat ratio ( / )  molecular mass (M) and ' M  
temperature
f
exp
V- ^ 1 - 1AkT)
-1
Noise thermometer: mean square noise voltage ( )
versus real part 
and temperature
of impedance (Z) bandwidth ( A/* ) — 2V /= 4 k T R e (Z )A f
Molar gas constant, R =  8.3144472 J mol' K' Speed o f light, c = 299 792 458 m s'
Planck’s constant, h = 6.62606957x10'^^ J s Boltzmann’s constant, ^ = 1.3806488x10'^^ J K'^
Table 1.1 Some thermodynamic relations that have been used as the basis for 
thermometers to measure the thermodynamic temperatures [5].
However, the realization of the thermodynamic temperature (primary temperature) by 
using thermodynamic thermometers is very time consuming and only appropriate for 
use as primary standard in the leading national measurement institute [6 ].
1.3 The practical temperature scale
The fundamental primary measurement techniques based on thermodynamic laws 
such as gas, acoustic and noise thermometers are too complicated and not sufficiently 
practical for regular measurements. Because of this, in 1927 the Conference Générale 
des Poids et Mesures (CGPM) promoted a description of a temperature measurement 
technique based on a number of reproducible transition temperatures of substances 
called ‘fixed points’. The examples of fixed points are the triple point of water (0.01 
°C), the melting point of gallium (29.76 °C) and the freezing point of aluminum
(660.32 °C). The temperatures of fixed points are established as accurately as possible 
by the thermodynamic method. The CGPM also defined the interpolating standard 
instruments to be calibrated between the fixed points and the equations to be used to 
calculate the intermediate temperatures passing through the defining fixed points. The 
International Temperature Scale was first established in 1927 and was revised many 
times according to the progress in science and technology. Currently in use is the 
International Temperature Scale of 1990 (ITS-90) [7]. ITS-90 defines a scale of 
temperature in four overlapping ranges. There are
(1) 0.65-5 K using the vapour-pressure temperature relations of ^ He and^He,
(2) 3-24.5561 K via an interpolating constant volume gas thermometer,
(3) 13.8033-1234.93K using ratio resistances of platinum resistance thermometers 
calibrated at the specified sets of defining fixed point and using specified 
interpolation procedures with specified sub ranges [7],
(4) above 1234.93 K using a defining fixed points and the Planck radiation law. 
The defining fixed points of the ITS-90 are listed in Table 1.2 and the simplified 
guide to the main features of ITS-90 is shown in Fig. 1.4.
Number
Temperature Fixed Point Substance State
W K V C
1 3 to 5 -270.15 to -268.15 He V
2 13.8033 -259.3467 e-H, T
3 17.035 -256.115 e-% (or He) V(orG)
4 20.27 -252.88 e-H; (or He) V(orG)
5 24.5561 -248.5939 Ne T
6 54.3584 -218.7916 0 , T
7 83.8058 -189.3442 At T
8 234.3156 -38.8344 Hg T
9 273.16 0.01 H,0 T
10 302.9146 29.7646 Ga M
11 429.7485 156.5985 In F
12 505.078 231.928 Sn F
13 692.677 419.527 Zn F
14 933.473 660.323 A1 F
15 1234.93 961.78 Ag F
16 1337.33 1064.18 Au F
17 1357.77 1084.62 Cu F
Table 1.2 Defining Fixed Points of the ITS-90. Symbol: V is a vapour pressure point; T is 
a triple point ; G is a gas thermometer point; M is melting point and ; F is freezing point [7].
Fixed points 
AMA
108.5 X  
1064 =C 
962 X  
660 X  
420 X  
222 X  
157 X  
30 °C
O'C  
234 K
64 K
54 K
25 K
20 K
17 K
14K
5 K 
3K
0.65 K
Therm om eter Types Interpolation sub ranges
I s
=6 E
•F
Figure 1.4 Simplified overview  and device used for the ITS-90 [5].
1.3.1 The eutectic fixed point
The ITS-90 has a number of fixed points with the highest temperature at freezing 
point of copper (1085 °C). Since there is considerable need to ensure the reliability of 
higher temperatures than fixed points specified in ITS-90, additional high temperature 
fixed points with well known thermodynamic temperatures will give an improvement 
to practical temperature measurement. Pure metal fixed points such as the freezing 
point of palladium (1554.8 °C), platinum (1768.2 °C) and rhodium (1963 °C) have 
been recommended above the freezing temperature of copper as secondary reference 
points [8 ]. In principle, any pure metals that have melting point higher than copper 
could be used as high-temperature fixed points. Various high temperature fixed points 
of pure materials have been studied [9-11]. However, the problem is the lack of a 
suitable material to contain the molten pure metal for example ceramics are too fragile 
to make a crucible, and the contamination between the metal and its crucible. 
Therefore, Yamada (1999) proposed that metal-carbon eutectic alloys, in graphite 
crucibles, could be used as fixed points instead of pure metals for a solution to the 
fragile crucible and contamination problems [ 1 2 ].
Metal-carbon mixtures were already presented in material sciences as one of the 
equilibrium phase transformation [13]. The dissolution of carbon from the graphite 
crucible into a metal-carbon eutectic ingot at high temperatures is not considered to 
cause any significant contamination and produces of reliable metal-carbon eutectic 
temperatures [14, 15]. Subsequent research has presented that the metal-carbon and 
metal carbide-carbon eutectics have potential as fixed-points in the region from 1426 
K to 3458 K [16-22]. A summary of research progress to date can be found in [23]. 
Table 1.3 shows the metal-carbon eutectics, metal carbide-carbon eutectics and their 
approximate temperatures. Fig. 1.5 shows the range of some conventional fixed points 
(ITS-90) and the new range of some metal-carbon eutectic fixed points.
Eutectics Approximate 
Temperature /K
Approximate 
Temperature /°C
Fc-C 1426 1153
Co-C 1597 1324
Ni-C 1602 1329
Pd-C 1765 1492
Rh-C 1930 1657
Pt-C 2011 1738
Ru-C 2227 1954
Ir-C 2564 2291
Rc-C 2747 2474
TiC-C 3034 2761
ZrC-C 3155 2882
HfC-C 3458 3185
Table 1.3 Metal-Carbon and metal carbide-carbon eutectics with their approximate 
transition temperatures.
If c-c
2500 -
2000 ' • Ru-C
Rh-C
Pd-C
•  Co-C.NI-C
#  Fe-C
Sn. m
ea.lce#
ITS 90 Fixed Poin t Eutectic Fixed Point
Figure 1.5 The range of some conventional fixed points (ITS-90) and the new range 
metal-carbon eutectic fixed points.
To prove the stability and reliability of these new eutectic fixed points to be used as a 
part of high temperature fixed point in thermometry metrology, several cooperative 
international projects have been formulated under the consultative committee on 
thermometry (CCT-WG5) to establish the high temperature fixed point for primary 
thermometry in Europe (HIMET) and improve thermocouple calibration (Euromet 
857) [24-26]. Achieving the improved thermocouple calibration uncertainties, the 
work packages involve the construction of high performance high temperature fixed 
point cells for thermodynamic temperature assignment, development of new robust 
thermocouples (Pt/Pd) and international comparison [27-29].
1.3.2 New definition of the kelvin
In 2005 the International Committee for Weights and Measures (CIPM) approved 
preparative steps towards new definitions of SI units including the kilogram, the 
ampere, the mole and the kelvin to relate the units to a fundamental constant instead 
of depending on the properties of measurement artefacts [30]. Therefore, if the SI
units can be linked to a fundamental constant, it would be easier to maintain the unity 
of international metrology system^. For instance, presently the kelvin is linked to a 
material property: the temperature of the triple point of water (273.16 K). Realising 
the definition of temperature requires a sample of pure water of well-defined 
composition and primary methods that are difficult to implement. For temperature, it 
is possible to redefine the kelvin so that it is linked to an exact numerical value of the 
Boltzmann constant k, because in fundamental physics temperature always appears as 
thermal energy kT. Several experiments based on the primary thermodynamic 
thermometry methods such as those shown in Table 1.1 [5] are currently being 
progressed to determine k  with a low enough uncertainty to enable the redefinition to 
take place [31]. The statement of the new definition of the kelvin would be as follows:
‘The kelvin, K, is the unit o f  thermodynamic temperature; its magnitude is set by 
fixing the numerical value o f  the Boltzmann constant to he equal to exactly 1.380 6X  
X 10~^^ when it is expressed in the unit s'^ m k g K ^ , which is equal to JK^ .
Thus the exact value for k  = 1.380 6 X x 1 0 "^  ^ J K'^  will be set by the committee on 
Data from Science and Technology (CODATA) when it next meets in 2015 to assess 
all new evaluations of fundamental constants including of course the Boltzmann 
constant. The kelvin from that point can be thought of in the following way i.e. the 
kelvin would be equal to the change of thermodynamic temperature that results in a 
change of energy per degree of fi*eedom kT  by 1.380 6 X x 10 J. The currently 
lowest individual estimate of the Boltzmann constant is by LNE followed by NPL and 
NIST -  all be acoustic thermometry [32]. These were used in the 2010 CODATA 
adjustment for the current recommended value for the Boltzmann constant which has 
a relative uncertainty of just less than 1  part in 1 0 ’^ .
1.4 General thermometer classification
There are many techniques to measure temperatures because many properties of 
materials are temperature dependent. Examples of properties that can be used to 
measure temperature are thermal expansion (liquid in glass and gas thermometers), 
thermoelectricity (thermocouples), electrical resistance (the platinum resistance
 ^Updated information on the possible future revision of the SI units can be found in 24* meeting o f the 
CGPM (2011), www.bipm.org.
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thermometer (PRT) and thermistor) and heat emission (infrared pyrometer) etc. 
Temperature sensors can be classified through their use of the heat transfer 
mechanism by contacting and non-contacting methods. Fig. 1.6 illustrates the 
classification of temperature sensors and some examples of thermometers in each 
class. Common temperature sensor attributes listed in Table 1.4 show that 
thermocouples are the simplest and the most economic approach for high temperature 
measurements [33].
Temperature
Non-Electrical
- Mercury in glass
- Gas thermometer
Contact
I
Electrical
I
Current sensors 
-PRT
- Thermistor
 1
Self-sensors
-Thermocouple
Non-Contact
-Pyrometry 
-Thermal Imaging 
-Speetroscopy
Figure 1.6 Classification of temperature sensors.
Thermometers Thermocouple
Platinum resistance 
thermometer (PRT) Thermistor
Infrared/ Optical 
Pyrometer
Type Contact Contact Contact Non contact
Temperature
range -250 °C to 2300 °C -200°C to 960°C -60°C to 300°C -50 °C to 3000°C
Accuracy 
(at 100 °C)
Fair 
0.1 °C
Good 
0.001 °C
Fair 
0.1 °C
Fair 
0.1 °C
Advantage • Inexpensive
• Simple, rugged
• Self-powered
• Variety o f forms
• Wide temp, range
• Most accurate
• Most stable
• More linear than 
thermocouples
• High output
• Fast response
• Inexpensive
• Moderate cost
•  Non contact
•  Wide temp, range
Disadvantage
• Reference 
junction required
• Low voltage
• Inhomogeneity
• Less stable
• Degrade
• Expensive
• Current source 
required
• Self-heating
• Less rugged
• Four-wire 
measurement
• Non-linear
• Current source 
required
• Self-heating
• Narrow temp, 
range
• Skilled operator 
required
• Emissivity error
• Reflection error
• Line o f sight view  
required
Table 1.4 The comparison attributes of common temperature sensors [33].
11
1.5 Thermocouples
Thermocouples are the most extensively used temperature sensors in the high 
temperature industry because of their simplicity, low cost, robustness and wide 
operating temperature range up to 2300 °C. Thermocouples originated from the 
thermoelectric experiment demonstrated by Seebeck in 1821. A thermocouple is 
composed of two dissimilar wires coupled at a junction. This thermometer type 
requires no electrical power supply for measurement so, it can be said that the 
thermocouple is the simplest temperature transducer. A detailed review of 
thermoelectricity and thermocouple phenomena will be given in Chapter 2.
There are approximately 300 combinations of thermocouples reported historically 
[33]. The various letter-designated thermocouple types were introduced based on the 
composition of the alloy in each wire of the pair. Eight commonly used 
thermocouples have been standardised by American National Standard (C96.1) using 
letters, B, E, K, N, J, R, S, T, to designate thermocouple types. Table 1.5 lists the 
thermocouple types in common use with their typical compositions and temperature 
range. The thermocouple specifications and tolerances providing an international 
standard manufacturing system are addressed in [34].
Type
Thermoelements Temperature
range(°C)Positive Negative
K Chrome! (Ni9.5CrO.5Si) Aiumel : (Ni5(Si.Mn,Al)) -40 to 1200
N Nicrosi! (Ni14.2Cr1.4Si) Nisi! (Ni4.4SiO.1Mg) -40 to 1200
E Ni9.5CrO.5Si Constantan :Cu44Ni -200 to 900
J ~99.5%Fe Cu44Ni -40 to 750
T ~99.95%Cu Cu44Ni -200 to 350
B Pt29.6+0.2Rh Pt6.1+0.02Rh 600 to 1700
R Pt13.0+0.05Rh -99.99%  Pt 0 to 1600
S Pt10.0+0.05Rh -99.99%  Pt 0 to 1600
Au/Pt Au Pt 0 to 1000
Pt/Pd Pt Pd 0 to 1500
W5(C) Tungsten- 5% Rhenium Tungsten- 26% Rhenium 0 to 2300
W3(D) Tungsten- 3% Rhenium Tungsten- 25% Rhenium 0 to 2300
Table 1.5 Thermocouple types and temperatures in use [34].
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The thermocouples in Table 1.5 fall into three groups (base, noble and refractory). 
The first group is commonly known as base metal thermocouples; letter designation 
types K, N, E, J and T. All o f which use nickel in some form. These thermocouples 
are generally used in industry in metal-sheathed mineral insulated (MIMS) format. 
The base metal thermocouples should do not be used as wide range thermometers 
unless errors of over 10 °C are acceptable. Further details of base metal 
thermocouples are given in the reference [33]. Within this research, the noble metal, 
the pure element and the refractory thermocouples are the main interest to improve 
thermocouple thermometry to 2000 °C.
1.5.1 Noble metal thermocouples
The noble metal letter designed thermocouple group comprises types B, R and S 
based on platinum and its alloys with rhodium. The constituents of positive and 
negative thermoelements are shown in Table 1.5. Noble metal thermocouples are used 
for precision laboratory measurements and for industrial applications up to 1600 °C, 
where improved accuracy (uncertainty less than 0.7 °C at 1500 °C) and minimal drift 
better than the base metal thermocouples (within 0.1 °C) are required [33].
Type R and type S thermocouples have very similar characteristics because the 
thermoelement has nearly the same content of rhodium in the positive leg (Ptl3%Rh 
for type R and PtlO%Rh for type S). The more rhodium in the positive thermoelement 
gives the higher thermopower. For this reason, type R has about 10% more voltage 
output than type S. However, type S is proven better performance than type R because 
the higher purity of platinum gives a more stable signal [35]. The pure platinum leg of 
type R and S tends to be contaminated by rhodium, which has a relatively high vapour 
pressure. Moreover, the pure platinum leg of type R and S also suffers from excessive 
crystal grain growth and is therefore fragile above re-crystallized temperature of 
platinum (-1100 °C). This problem was solved by type B thermocouples. Type B 
wires are alloys of different content of rhodium making the wire more robust and less 
sensitive to contamination. Type B was designed specifically for high temperature 
applications although it is a little less stable than type R and S. These platinum based 
thermocouples are most reliable in a clean oxidising atmosphere [36].
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1.5.2 Pure elemental thermocouples
A special class of noble metal thermocouples is the non-letter designed elemental 
thermocouples normally Au/Pt and Pt/Pd. The development of new reliable pure 
elemental noble thermocouples is currently of interest. Due to the contamination 
problems of alloys, pure thermo-element thermocouples based on wires of An, Pd and 
Pt are considered to have greater improved stability. Research has shown that the 
Au/Pt thermocouple can achieve similar performance to that of high temperature 
standard platinum resistance thermometers (HTSPRT) above about 500 °C [33, 37]. 
The most stable thermocouple of the two is the Au/Pt but, due to the melting point of 
gold, its use is limited to temperatures below 1000 °C. At temperatures above 1000 
°C, the Pt/Pd thermocouple is more stable than the noble metal alloy thermocouples 
type S, R and B [38-41]. However, the use of Pt/Pd thermocouples, until recently, has 
been limited for two reasons: lack of a calibration point close to the melting point of 
palladium, and the fact that a spring/coil as shown in Fig. 1.7 has to be used at the 
measurement junction to accommodate the differential expansion between the Pt and 
Pd (or Au) wires [42, 43].
Higli-puiity alumina insulating tube
^  Gold tlienno-eleinent
Expansion coil
Platinum thermo-element
Figure 1.7 Typical measurement junction for the elemental thermocouple. A strain- 
relived coil is used to accommodate the difference expansion of two thermoelement at 
high temperatures [42, 43].
There are many investigations into the characteristics of Pt/Pd conducted in order to 
indentify limitations on the use of Pt/Pd thermocuples. Bums and Ripple (1996) have 
investigated the effect of heat treatment on thermoelectric emf of Pt/Pd thermocouples 
[44]. They found that Pt/Pd thermocouples are most sensitive to oxidization in the
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temperature range from 600-800 °C. Bentley (2001) has examined the thermoeletric 
changes in Pt/Pd following ageing over the temperature range 250-1000 °C. Bentley’s 
results show that Pd undergoes reversible change when heated in the range 550- 
800°C with the peak effect at about 720 °C [38]. Hill (2002) recommends that the 
Pt/Pd themocouple should be used at temperatures above 1000 °C to avoid drift due 
to this reversable oxidation at lower temperatures [45]. More recent studies have 
shown that the behavior of Pt/Pd thermocouples depends on the heat treatment of the 
thermocouple and the different purity of the Pd wire [46-49]. It has been reported that 
to obtain optimal performance with these thermocouples, issues such as wire purity, 
oxidation of elemental wires, the annealing procedures, inhomogeneity and the 
construction methodology to avoid introducing kinks in the wire need to be carefully 
considered [38, 43, 45, 50]. Fig. 1.8 shows the output of Pt/Pd thermocouples at the Cu 
freezing point (1084 °C) as a function of time of continuous heating to various 
temperatures.
c 45G‘'C I 
« 550 "C 
EGO'C 
K 660'C
m 73Ô’'C
•5 aoo “c
? 350 *G 
@ 900'C 
A 960 "C 
& ÎQ3D”C 
s lOSO’C
SOmK
100 150 200 250
Time / h
Figure 1.8 The emf change at the Cu freezing point (1084 °C) as a function of time 
of continuous heating to various temperature. The Pt/Pd thermocouples were all new. 
When the heat treatment was at 730 °C, the drift in emf showed the maximum value 
[46].
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1.5.3 Refractory thermocouples
The ability to produce materials such as C-C composite, refractory alloys and 
ceramics requires temperature control in range between 1500 °C to 2000 °C [51]. 
Noble metal and elemental thermocouples (platinum based thermocouples) can only 
be used to measure temperature up to about 1700 °C. Generally, the upper 
temperature limit of thermocouples is governed by the melting point of the 
thermoelements and the evaporation losses of the material. Therefore, materials for 
making high temperature thermocouples are limited to refractory metals such as 
tungsten, rhenium, molybdenum and tantalum, which have very high melting points 
and low vapour pressures [52]. Various different refractory alloys for thermocouple 
applications have been studied but the tungsten-rhenium (W/Re) thermocouple was 
the most widely used high temperature thermocouples to 2300 °C in a vacuum or inert 
atmosphere. It has been reported that some alloys of rhenium with tungsten can 
improve the brittle tungsten to be more ductile [53, 54]. The detailed summary report 
including the fabrication and the selection of insulator and sheath are reported in [52, 
55].
The most common W/Re thermocouples that already established emf-relationships in 
standards documents are the type C (W3%Re/W25%Re) and type D 
(W5%Re/W26%Re) thermocouples [34]. In addition, the new type A 
(W5%Re/W20%Re) thermocouple made of thermo-element wires produced in Russia 
will be included in lEC 65084-1 standard [56]. Therefore, these W/Re thermocouples 
are the choice of high temperature measurement. A brand new W/Re thermocouple 
has a typical uncertainty of 1% which is 20 °C at 2000 °C and under real operation the 
performance deteriorates rapidly at high temperature. Thomas (1972) reported that 
after ageing W/Re thermocouple at 2300 °C for 1000 hr a large drifting of about 230 
°C was observed [52]. The stability of type C thermocouples over the range from 0 °C 
to 1500 °C was evaluated by Ogura in 2011 [57]. The effects of their inhomogeneity 
and drift seriously limit the accuracy of W/Re thermocouples. These reported results 
show that the drift of the W/Re thermocouple increases with the increasing of 
thermocouple inhomogeneity.
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Calibration of W/Re thermocouples at high temperatures can be made by using the 
fixed point method, the wire bridge method and comparison with the radiation 
thermometer. Depending on the calibration method, the expanded uncertainty of the 
measurements at 1500 °C can range from 2.8 to 8 K. The best calibration uncertainty 
using the radiation thermometer at 2000 °C was 3.4 °C [56]. The most significant 
difficulty in using these thermocouples is that they become brittle above the re­
crystallization temperature (1200 °C) [6, 51, 56, 58]. For this reason, it is difficult to 
uninstall this thermocouple for re-calibration. Therefore, the in-situ calibration would 
be the best solution for the W/Re thermocouple.
Further studies on material compatibility for improving the use of refractory 
thermocouples at high temperature uses were reported. Subsequent studies on W/Re 
thermocouple are divided into two aspects; thermocouple sheath materials, insulation 
materials and the more effective calibration method. Firstly, the study on the 
thermocouple protective sheath materials has proved that the tantalum thermocouple 
sheath has a good compatibility with the graphite crucible up to 1950 °C [17].
Secondly, the insulation material used for separation of thermocouple thermoelements 
is also an important concern because at this high temperature the insulating material 
tends to lose its electrical resistivity. It was reported that the shunting effects of hafhia 
insulator start appear around 1800 °C. The insulation resistance of hafnia 
thermocouple insulator was found to be below 100 ohm at 1950 °C while it was about 
900 ohm at 1800 °C during use [17]. Increasing diameter of the twin bore insulator of 
thermocouple wires should be considered to avoid this high temperature shunting 
effects.
1.6 Thermocouple calibration
Thermocouples may be calibrated by either the fixed point or comparison methods.
1.6.1 The fixed point method
The best way to calibrate thermocouples is by using the metal fixed point assigned 
temperature on the International Temperature Scale 1990 (ITS-90). The provision of 
using high temperature eutectic fixed cells for thermocouple calibration is explained
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in section 1.4. During calibration, the measurement junction of the thermocouple must 
be immersed into the thermometer well of the fixed point cell which is maintained at 
the transition temperature in a uniform zone furnace. The best uncertainty of this 
method can provide is 0.3 °C over the range 0-1100 °C. The using series of standard 
fixed point cells for thermocouple calibration is for special circumstances normally m 
national laboratories because of its complicated operation and expensive running cost.
Figure 1.9 Thermocouple calibration in fixed point cell showing insertion of a 
thermocouple into the thermometer well of fixed point temperature maintained in 
furnace during phase transition (freezing) monitored by computer program (National 
Physical Laboratory, UK).
1.6.2 The wire bridge method
A simpler fixed point method is by wire bridge calibration. It consists of forming the 
junction between the thermocouple legs using a high purity metal. The emf is 
monitored during heating through the melting point of the bridge. The short plateau 
(1-2 minute) will be observed before an open circuit. This option is for calibration of 
thermocouples at secondary point exceeding the ITS-90 scale such as palladium (Pd) 
melting point. The uncertainty of using this method is reported as 1.5 °C at 1600 °C. 
This method needs to break measurement junction of thermocouple and welding a Pd 
wire between the thermocouple wires. It is a destructive method and there is a need to 
re-assembly thermocouple measurement junction.
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Figure 1.10 Calibration of the thermocouple by wire bridge method. When the furnace 
rises through the melting temperature of wire bridge material, the short plateau (1-2 
minute) will be observed before a broken circuit.
1.6.3 The comparison method
The alternative way instead of using fixed point calibration is comparison calibration. 
The comparison method consists of heating a thermocouple in a specified heat source 
and comparing emf output to measurement junction’s temperature monitored by a 
reference thermometer: a standard platinum resistance thermometer, a reference 
thermocouple or an optical pyrometer. The selection of heat sources and a reference 
thermometer for thermocouple calibration depends on the temperature range and the 
required uncertainty [33].
Stanclai*d
thermometer
Tliermocouple 
to be calibrated
Figure 1.11 Calibration of the thermocouple by comparison method. The 
thermocouple is calibrated by comparison with a standard thermometer in thermally 
stabilized bath or furnace.
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1.7 In-situ calibration
The voltage output of the thermocouple does not depend only on the temperatures of 
its hot and cold junctions. In fact, the thermocouple output is generated by the 
temperature profile along the length of thermocouple. All thermocouple wires tend to 
have material property changes (inhomogeneities) distributed along their length 
during operation at high temperature gradients. Change of immersion or temperature 
profile along thermocouple wire causes an uncertainty in the thermocouple output. 
Uncertainties of several degrees Celsius may occur because of different thermal 
gradients being encountered between the calibration and the actual use in industry due 
to the thermocouple inhomogeneity. The effect of thermocouple inhomogeneity is 
more discussed further in Chapter 2.
An in-situ calibration term has been used in the practical cases of in the use in fixed 
immersion situations. This method is used for control the particular temperature 
distribution experienced by the thermocouples. The application of thermocouples in 
an industrial thermal environment is different firom the calibration laboratory. 
Therefore, applying the in-situ calibration method is essential to decrease the 
systematic errors arising from the particular location and its surroundings. However, 
the result of in-situ calibration is at specific time and situation. Periodic in-situ 
calibrations can be performed to monitor the drift components. The interpolation or 
extrapolation technique can be used to estimate the future behaviour [33].
The in-situ calibration for thermocouples can be performed in two ways. First is by 
using the reference thermocouple (usually a calibrated Pt-based thermocouple) 
installed as close as possible to the resident thermocouple to monitor the relative drift. 
However, the problem with this method is if  the working standard is not close enough, 
there will be a different temperature between the tips of the resident thermocouple and 
the standard thermocouple [36].
Second is by using a small fixed point cell integrated to the thermocouple. Hence, the 
most accurate method for thermocouple calibration in the national measurement 
institutes is the use of a large fixed point cell of ITS-90 providing a region of 
temperature uniformity better than O.I °C over a cell length (>10 cm). To achieve this
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highest reliability, the standard size of cells usually contains about 1 kg of high purity 
metals. The miniature fixed point cells for thermocouple self-calibration have been 
studied in this research to radically transform the reliability of thermocouple 
thermoelectric performance to be evaluated in-situ [59].
1.7.1 The miniature cell for thermocouple self-calibration
The miniature fixed point cell integrated with the thermocouple measurement junction 
is the most effective method of in-situ calibration. Mini-fixed points for thermocouple 
calibration have been studied previously by two different methods. The first method is 
realised by attaching a miniature fixed point to parts of the thermocouple 
measurement junction.
Tischler and Koremblit (1982) constructed miniature graphite crucibles filled with 
several pure metals having melting points from that of In to Cu. These were then 
directly attached to the measurement junction forming an integral part of the 
thermocouple [59]. The same authors also developed this concept by using platinum 
instead of graphite crucibles [60]. Fig. 1.12 shows the structure of integrated mini- 
fixed point cell. The mini-fixed point was integrated as part of the thermocouple 
measurement junction.
Figure 1.12 The structure of the integrated mini-fixed point cell: the mini-fixed point 
as part of the measurement junction [59].
The second method is realised by inserting the thermocouple measurement junction 
into the thermo well of a mini fixed point cell. Ronsin et al.(1992) [61] designed mini 
cell containing 15 g of Ag into an alumina crucible and compared the calibration data 
of type S thermocouples of mini cell with the data of classical large Ag cell. Augustin 
et al. (2001) and Bernhard et al.(2007) also studied the miniature fixed point cells 
with pure materials and low temperature eutectic alloys up to 660 °C using the base
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metal type K thermocouple [62-64]. The strong limitation of the latter concept is that 
alumina crucibles are brittle and difficult to machine. The structure of mini fixed point 
cell with immersion design is shown in Fig. 1.13.
ceramic aumatuie
. Üieriaocouple
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Figure 1.13 The structure of mini fixed point cell with immersion design: the mini- 
fixed point as surrounding and electrical isolating from a measurement junction [62].
Both of the methods described above are applicable to temperature less than 1000 °C. 
In this work, the concept of mini fixed point cells constructed from graphite attached 
to measurement junction of thermocouples is developed the novelty of which are a) to 
go to higher temperatures than previous studies (with attendant materials issues to be 
solved) and b) use of the new high temperature eutectic fixed point materials which 
have not been used for this purpose previously. The overall aim of this work is to 
make step change improvement in the performance of high temperature 
thermocouples, through developing self-calibration methodology.
1.8 Thesis outline
The aim of this research is to facilitate step change improvements for thermocouple 
operation at high temperature. The challenge here is to study how to improve the high 
temperature thermocouples including the noble, elemental and refractory 
thermocouple group for operation effectively at high temperature to 2000 °C with 
smaller uncertainty less than 0.1% of operating temperature. During the time of study, 
first, the robust high performance elemental thermocouples (Pt/Pd) have been studied.
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A comparative study between the Pt/Pd thermocouple with more conventional noble 
metal type R is undertaken to quantitatively demonstrate the enhanced performance of 
the new thermocouple. Next, the in-situ calibration for thermocouple by using 
miniature fixed points has been evaluated to reduce the thermocouple calibration 
uncertainty for industry applications. Both integrated cells for the range up to 1500 °C 
apply for the noble thermocouples and the immersion cells for the range up to 2000 
°C apply for the refractory thermocouples which have been studied.
fri this thesis, the measurement and theoretical study that will enable new approaches 
to improve on thermocouple thermometry to 2000 °C will be presented. This work is 
outlined in 8 chapters:
In Chapter 2, the necessary background theory to understand the body o f this thesis, 
including physics for temperature measurement, phase transition theory, 
thermoelectricity and thermocouple inhomogeneity will be explained.
In Chapter 3, within this chapter there is a description of experiment set ups used in 
this work such as a furnace and fixed point. The measurement technique used in this 
research including the thermocouple fabrication, inhomogeneity testing, experiment 
methods and simulation techniques will be introduced.
In Chapter 4, the comparison of the elemental Pt/Pd thermocouples with the 
conventional type R thermocouples will be described. Then, the thermocouple 
inhomogeneity is measured and discussed.
In Chapter 5, the miniature eutectic fixed point cells for self-calibrating 
thermocouples will be studied. Within this chapter, the fabrication and the 
measurement results o f miniature cells with an integrated design for application use 
up to 1500 °C for the noble type R thermocouple will be discussed.
In Chapter 6, another miniature eutectic fixed point cell design will be explained. The 
thermal modeling and fabrication of miniature eutectic fixed point cell including multi 
cells for self-calibration of the refractory W/Re thermocouples will be evaluated for 
the in-situ application.
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In Chapter 7, the use of miniature cell for W/Re thermocouple in-situ calibration will 
be examined in this chapter. The experimental study of the refractory W/Re 
thermocouples in terms of drift and inhomogeneity characteristics will be assessed. 
The measurement set up and the measurement results of miniature cells with an 
immersion design including multi-cells for application use with the refractory W/Re 
thermocouple up to 2000 °C will be discussed.
In Chapter 8, the conclusion from this work will be discussed highlighting the main 
findings of this work. A proposal of further interesting and useful work will be 
provided at the end.
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Chapter 2 
Background Theory
2.1 Introduction
This chapter will introduce the background theory of physics for temperature 
measurement and thermocouples. The physics terms relating to temperature 
measurement including the heat capacity in solids, laws of thermodynamics and phase 
transition theory will be introduced. The principle of the thermoelectric thermometry 
will be explained in particular of the thermocouple inhomogeneity effect, which is the 
main source of thermocouple measurement uncertainty. More detailed descriptions of 
the background theory described in this chapter can be found in the text books on the 
subjects such as “Physics of Temperature Measurement” [65], “Understanding the 
Properties of Matter” [66], “ Manual on the use of thermocouple” [3 6] and others [33, 
67,68].
2.2 Physics for Temperature measurement
Stated simply, temperature is a quantitative measure of hotness and coldness. In the 
statistical mechanical approach, temperature is related to the average energy of the 
substance, usually per molecule or per atom. In order to explain how the energy 
changes with temperature, the heat capacity is one of the key concepts to understand. 
Following this, the laws of thermodynamics are defined, and how they relate to 
temperature measurement is discussed.
2.2.1 The Heat Capacity
When the temperature of a substance is high, its atoms have a large average amount of 
energy. The hotter atoms of the substance have faster motion than the colder atoms. 
Heat capacity (Q  is defined in terms of the temperature rise dT  resulting from an 
input energy dE hy
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dT
(2 .1)
The heat capacities measured at constant pressure and constant volume are denoted 
Cp and Cv respectively. There is a smaller difference between Cp and Cy in solids than 
in gases since solids have a smaller expansivity. For a solid, it is assumed that Cp ~ Cy 
at room temperature (300K). For the heat capacity in the solid, it is generally assumed 
that the measurements are made at the constant pressure. The following section, a 
model of the heat capacity in a solid will be described.
2.2.1.1 Heat capacity of solids
Considering the analogy of the atoms in a solid crystal, the atoms are held in lattice 
space with the interatomic bonds represented as microscopic springs in Fig.2.1.
(a) -- ----------
Figure 2.1 Analogy of the situation of atoms in a crystal in solid, (a) the atoms in 
equilibrium position, (b) The atom displaced from equilibrium [66]
The average total energy, E, of an atom in a solid can take account from the 
combination of the kinetic energy and the potential energy of atomic springs having 
constant k  of motions in directions x, y  and z.
^  1 2 1 2 1 2 E = —mv^ + — +
2 2 ^ 2
^ / c ( x - x y  + j K - ( y - y y  + ^ / c ( z - z J
(2 .2)
where (x-Xq) is the displacement of atom from its equilibrium and is the velocity 
of an atom mass, m, in the x direction. The same notation is used for the motion in y  
and z directions.
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The equîpartîtion theorem is here introduced to explain the relationship between 
temperature, T, of a system and its average energy, E  . At thermal equilibrium there is 
an equal average energy for each accessible degree of freedom of the system 
associated with temperature by
(2.3)
where is the Boltzmann constant (1.3806488 xlO"^  ^JK'^ ) and T is a constant
absolute temperature {K). The more detailed derivation of the equipartition theorem in 
classical and the quantum mechanic approaches can be found in [69].
Assuming the equipartition theorem holds then each of the energy terms of a single 
atom in equation (2.2) are assumed to be equal having six accessible degrees of 
freedom. The total energy for one mole of solid elements is therefore
E  = N ^ x 6 d k , T  = ZN Jz,T  (2.4)
from equation (2.4) and (2.1), the molar heat capacity {Cmoiar) is
^molar = JCp = 3R (2.5)
where is the Avogadro's number (6.02214129x10^^ moT )^ and R  is the universal 
gas constant (8.3144621 JK'^moT  ^).
It can be seen from this simple classical mechanics consideration that the molar heat 
capacity is independent of temperature. The value of the molar heat capacity, 2>R, is 
24.9 JK’^moT  ^ This relation is called the law o f  Dulong-Petit (1819) and it works 
reasonably well above room temperature for a variety o f solids but poorly fits to the 
experimental data at lower temperatures [66]. Thus the Dulong-Petit model is an 
oversimplification. A further concept of the heat capacity is reproduced again by the 
Einstein quantum mechanics model, which considers the vibrational energy and heat 
energy of atoms to be quantised.
The heat capacity derived from Einstein model is shown in Fig.2.2. At low 
temperatures, the heat capacity from the Einstein model shows strong temperature
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dependence, which is better agreement with experimental data. However, the Einstein 
model still fails to match experiment data near absolute zero.
A more sophisticated heat capacity model is the Debye model which addressed the 
oversimplified assumptions of the Dulong-Petit and the Einstein model that atoms on 
lattice vibrate independently of each other. Debye’s theory accounts for different 
possible modes of vibration corresponding to multiple atoms vibrating together at 
much lower frequencies. Therefore, the Debye theory constitutes a better explanation 
of the heat capacity, especially at low temperatures. Fig.2.2 shows the relations of the 
heat capacities derived from Dulong-Petit, Einstein and Debye models. At high 
temperature the three models tend to agree with each other that the molar heat 
capacity is independent from temperature and approaches to 3R.
O.Q Dulong-Fsl't
Debye
Einstein
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Figure 2.2 The correlation of the constant volume heat capacity from Dulong-Petit, 
Einstein and Debye model. At low temperature limit h ( o «  k ^T , the molar heat
6E
capacity is equal to = — = ■exp for Einstein model and
Cmolar for Debye model where h is the reduced Planck’s constant
—  (1.504571726 xlO'^ "^  Js),&) is the vibrational frequency and 6^ is the constant 
'In
called Debye temperature explained in the next section [69].
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For metals, the free conduction electrons also contribute to the heat capacity. At very 
low temperatures the electronic heat capacity dominates. The electronic heat capacity 
is linear in temperature while the lattice heat capacity described above is proportional 
t o r  ^ [69],
2.2.1.2 The Debye temperature
The Debye temperature is a special parameter helpful to explain the thermal 
properties of materials. From the Debye heat capacity model, the Debye temperature 
can be defined as [69]
(2.6)
Kb
where is the maximum vibrational frequency called Debye frequency. The 
maximum frequency (Debye frequency) o f the solid is given by
CO =  V . ()7l  -----max V
(2.7)
Nwhere — is the number of atoms per unit volume and is the speed of sound in the
solid. Typically, substances having a high Debye temperature characteristic have a
Nstrong interatomic forces and light atoms (— »  1) such as diamond which has a value
of 0B) around 2000K whereas lead (weakly bonded and heavy atoms) has ^  about 
lOOK [69]. The Debye temperature is the highest temperature that the crystal’s normal 
mode of vibration can be achieved. Above the Debye temperature, the heat capacity 
of one mole material tends to approach 3R [66]. The Debye temperature of some 
common elements is given in Table 2.1
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Elements Z ^ ( K )
Carbon 6 2000
Beryllium 4 1440
Titanium 22 420
Zirconium 40 291
Tin 50 200
Lead 82 105
Table 2.1 The Debye temperature of some elements with their atomic number (Z)
[66]
In thermometry applications, the measurement and design of thermometers and the 
fixed point reference standard relies on the thermal properties of a material for 
example, the selection of the material to make reliable robust fixed point cells and 
furnaces. The terms of the heat capacity and the Debye temperature of solids 
described above are one of the keys to understand the thermal properties of a material. 
Other thermal properties e.g. the thermal conductivity, thermal expansivity of solid, 
liquid and gas are explained in ref. [66].
2.2.2 The four laws of Thermodynamics
Rosengarten (1998) states that ‘Intrinsic to temperature and its measurement are the 
laws of thermodynamics and intrinsic to the law of thermodynamics is temperature’. 
To understand more about temperature and its measurement, next the four laws of 
thermodynamics by means of temperature measurement will be addressed [65].
2.2.2.1 The Zeroth Law
Unlike some other measurement quantities, temperature is not an additive quantity 
like mass or length. When bodies of different temperatures are brought into contact, 
heat will transfer from the body at the higher temperature to the other body at lower 
temperature until both reach the same temperature. This phenomena is equivalent to 
the zeroth law of thermodynamics stated that i f  two bodies are in the thermal 
equilibrium with a third then they are in thermal equilibrium with each other [68]. 
This law is very important for temperature measurement as a thermometer only ever 
reads its own temperature. It is essential that thermal equilibrium must be obtained 
between the thermometer and the object whose temperature is being measured.
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Fig 2.3 illustrates the zeroth law of thermodynamics approaching to the temperature 
measurement system.
Thermometer 2 
23°CThermometer 1 23°C
Water bath 
23°C
Figure 2.3 The diagram of the zeroth law of thermodynamics (left) approaching to the 
temperature calibration measurement system (right).
2.2.2.2 The First Law
The first law of thermodynamics describes the principle of conservation of energy. 
This is a basic relation between energy forms and energy interactions. The internal 
energy denoted U is the microscopic energy relating to the molecular activity like the 
vibration, rotation and binding force energy. The first law takes account of the 
conversion energy between the thermal forms (heat) and the mechanical forms 
(work):
^Change in ^  ^Heat suppliect ^Work done ^
inernal = TO + ON
Jhe object ^ ^the object ^
The internal energy of a substance can be changed by heat Q absorbed or work W  
done on it. Using the energy conservation principle, the change of the internal energy 
of the system AU is
AU = AQ + AW  (2.8)
The heat transfer Q is zero for adiabatic systems (without exchange of heat) and the 
work transfer can be zero for the systems having no work interactions.
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2.2.2.3 The Second Law
The second law of thermodynamics deals with heat engine efficiency related to the 
study of cyclic devices operated between a high temperature medium (a hot reservoir) 
and low temperature medium (a cold reservoir) called the Carnot cycle [68]. The 
second law of thermodynamics states that it is impossible to construct an engine that, 
operarmg m a cyc/g, wz// MO /^zazz gx a^c^ zozz q/" /zear o^zzz a
reservoir and the performance o f an equivalent amount o f  work. The diagram 
explaining the Carnot cycle and Carnot engine is shown in Fig. 2.4.
P re s su re
T<
Volume
(b)
Figure 2.4 (a) The Carnot heat engine: heat Qh flows from a high temperature Th into 
the working substance, and heat Qc flows into the cold sink at temperature Tc- (b) P-V 
diagram of the Camot cycle.
Isothermal expansion at the "hot" temperature Tr (1 to 2): during this step, 
the expanding gas makes the piston work on the surroundings. The gas 
expansion occurs by absorption of quantity Qh of heat from the high 
temperature reservoir.
Adiabatic expansion (2 to 3): for this step the piston and cylinder are assumed 
to be thermally insulated. The gas continues to expand, working on the 
surroundings. The gas expansion causes it to cool to the "cold" temperature, Tc- 
Isothermal compression at the "cold" temperature, Tc (3 to 4)\ now the 
surroundings do work on the gas, causing a quantity Qc of heat to flow out of 
the gas to the low temperature reservoir.
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• Adiabatic compression (4 tol)\ the system is assumed to be thermally 
insulated. The surroundings do work on the gas; compressing and causing the 
temperature to rise to The gas is in the same state as at the start of step 1.
The Camot engine absorbs the heat amount Qh from the hot reservoir at temperature 
Th and rejects the heat amount Qc to the cold reservoir at temperature Tc. The 
efficiency of the reversible Camot engine (with no energy losses) is
Qh - Q c ^ i_ C c .  (2,9)
Qh Qh
The efficiency of the reversible Camot engine is independent from of the nature of 
working substance. Therefore the efficiency (r|) depends only on the two temperatures 
7h and 7c. This led Kelvin to propose the temperature scale so that
Qj l ^ I i l  or (2.10)
Qc
This is the ‘Kelvin thermodynamic temperature scale’, and it can be shown that this 
temperature is same as the temperature in the ideal gas thermometer.
The Kelvin scale is now based on defining the triple point of water as 273.16 K. From 
this statement, the magnitude of a kelvin is defined as 1/273.16 of the temperature 
interval between absolute zero and the triple-point temperature of water [7].
2.2.2.4 Entropy
Before discussing the third law of thermodynamics the term Entropy needs to be 
explained. Entropy is one of the important thermodynamic state variables, which can 
describe quantitatively the equilibrium state of a thermodynamic system. Entropy 
defines the bulk measurement of molecular disorder or random movement. Entropy is 
the thermodynamic quantity of disordered motion of atoms when adding thermal 
energy dQ to a substance [66]. The increased entropy dS can be defined by the 
following equation
d s  = ^  = —  (2.11)
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where dQ is the heat energy exchanged between the system and its surroundings. T  
is the temperature at which the energy is added to a substance. C is the heat capacity 
detailed in 2.2.1.
For the Camot cycle shown in Fig. 2.4 (b) the entropy change is
^ = 9 jL - Q ç.  (2.12)
Th Tc
From equation (2.10), hence the entropy change for a reversible cycle is zero, and for 
all real cycles the entropy must increase [68].
Boltzmann introduced another approach to understanding entropy that the entropy of 
a system is related to the number of ways the constituent atoms can be arranged into 
an observed macroscopic state:
= (2.13)
This statistical mechanics approach shows that the entropy depends on
thermo dynamic probability (Q  ) and the Boltzmann constant ( A:^ ). The derivation and
application of this approach can be found in [68].
2.2.2.S The third law
The third law of thermodynamics formulated by Max Planck in 1911 states that the 
entropy o f  a pure crystalline substance at absolute zero temperature is zero. The 
perfect crystallised atoms would stay still (have no kinetic energy) at absolute zero. 
This statement hard to prove since in real experiments, temperature is more and more 
difficult to reduce close to the absolute zero temperature, 0 K. A consequence of the 
third law statement is that it is impossible to attain T=0 K. This is because any 
impurity, defects and orientational degeneracies cause 6" > 0. The coldest temperature 
reported is of the order 10  ^K were obtained at MIT-Harvard Center by the Ultracold 
Atoms group in 2003 using the ‘Bose-Einstein Condensation’ method (the 2001 
Nobel Prize in physics) [70].
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2.3 Phase transition theory
The core of all practical accurate thermometry utilises the reproducible phase 
equilibrium of materials as fixed points to realize reproducible temperature. 
Understanding how phase stability is achieved is important to optimise the realization 
of such measurements in thermometry.
2.3.1 The concept of free energy
When a system is undergoing a phase transformation such as melting or freezing, 
there are five factors determining the phase transformation which are entropy (S), 
temperature (7), pressure (P), volume (V) and internal energy (U). These factors may 
be combined into a single important function called the ‘Gibbs free energy’. The 
stability of the phase transformation of a system is determined by its Gibbs free 
energy (G) which is defined as [66]
G --U  + P V - T S  (2.14)
Any material will have a characteristic value of G. All spontaneous changes in any 
system must be accompanied by a reduction of the total free energy. The state with 
the minimum value of G will form the equilibrium state of the system. Substances 
seek to minimize the G in three different way: minimize internal energy, maximize 
entropy or minimize volume [66]. How the free energy contributes to the phase 
transition of substances will now be discussed.
2.3.2 Phase transitions
The equilibrium of a phase transition will correspond to the state when dG = 0. The 
free energy of materials varies with the temperature in solid, liquid and gas phases is 
shown in Fig.2.5. The free energy of the new liquid phase will be equal to the free 
energy of the old solid phase dG =Guquid-Gsoiicr^ at the transition temperature (the 
melting point) 7]» and dG =Ggas at the boiling point temperature Tb
respectively.
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Figure 2.5 Free energy- temperature curves for solid, liquid and gas phases [66]. 
The small change of the Gibbs free energy G in equation (2.14) is 
^G = 6/G + 6 / ( 7 3 '  ;  (2.15)
The first law of thermodynamics in equation (2.8) can be rewritten to 
dU = TdS -P d V  by taking account of the definition of entropy (dQ^TdS). By 
substituting dU  to equation (2.15) above, finally, the change in G taken at the constant 
pressure (dP = 0) can be simplified as [66]
dG = —SdT  or ——
(7T
— S  (2.16)
This demonstrates that the slope of the Gibbs free energy with respect to temperature 
is the negative term of the entropy. Therefore, for a substance in the gas state, which 
has highest entropy, then it will have the steeper slope of G than that in the liquid and 
solid states respectively as shown in Fig.2.5.
2.3.2.1 Enthalpy
The heat energy supplied at the phase transition process from solid to liquid and liquid 
to gas is known as the enthalpy heat (or the latent heat) of fusion and vaporization, 
respectively.
Enthalpy {H) is the combination of the internal energy (G) and mechanical work 
{W=PV) as given in equation (2.17)
H ^ m P V (2.17)
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Considering the Enthalpy at the phase transition, heat energy must be supplied to the 
substance at the transition temperature Tthy H  = A g  = . The enthalpy change of
fusion can be estimated by calculating the parameters in equation (2.14) when
% uu  = which becomes
H  = TAS = ;  (2.18)
Subsequently, the enthalpy change on vaporization can be written as 
H  = U ^„ -U ,^^^+ R T  (2.19)
The enthalpy change on vaporization is experimentally greater than the enthalpy of 
fusion because of its temperature dependence shown in the equation (2.19) [66]. From 
equation (2.14) and (2.17) the Gibbs free energy (G) can rewritten in terms of 
enthalpy as
G = H - T S (2.20)
The relationship between the absolute free energy G of the material and temperature T 
where H  and -TS are plotted as the function of temperature are shown in Fig.2.6. The 
sharp slope at 7) represents the change of heat energy which is equal to the amount of 
energy released or absorbed by a substance during the phase transition without 
changing temperature [67].
phase ! Liquid 
 M ^
phase
TS
- T S
Figure 2.6 Free energy- temperature curves fo ra  ,/3 and liquid phases [67]
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2.3.3 Freezing of a pure metal
Substances transform from one phase to another phase by seeking the lowest Gibbs 
free energy (equation 2.14). The phase transition can be considered to initiate by the 
two microscopic stages; nucléation and growth. In the nucléation stage, initially a few 
atoms try to create a small solid nucleus. In general, the nuclei will not grow 
spontaneously at the melting temperature because the surface energy of the small 
nuclei may be very high [66, 67].
Therefore, when slowly cooling the liquid through its transition temperature, the 
liquid usually supercools to some extent until solid nuclei reach sufficient size to 
grow. Eventually, the transition from disordered liquid to an ordered solid is initiated 
by lowering the temperature of the substance and the latent heat of solidification is 
released {recalescence) forming the freezing curve in Fig.2.7. The freezing plateau is 
maintained until all liquid is transformed into solid then the temperature of the 
substance will decrease to reach the furnace temperature.
Liquid
CL
Liquid+Solid
SolidMelting
Temperature
Supercooling
Time
Figure 2.7 Schematic illustration of the variation of temperature with time during 
cooling of a pure substance through its melting temperature showing the supercooling 
and the freezing plateau.
The solid to liquid transition usually shows the sign of supercooling. The depth of 
supercool depends upon the substance and the thermal conditions. The depth of 
supercool can be as much as 10-30 % of the freezing temperature [67].
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2.3.4 Practical phase transition curves
A melting curve is obtained when a metal or an eutectic alloy in the solid phase is 
transformed into the liquid phase by heating the cell above the phase transition 
temperature. As one approaches the melting temperature, crystallographic defects 
such as grain boundaries and impurities within the fixed point cell are melted first, 
before the onset of melting, because these regions will melt at lower temperatures 
than the rest of homogenous material. This explains, for instance, why the melting 
curves of pure single component systems such as Ag are considerably flatter than the 
alloys found in eutectic cells. In addition, the length of plateau depends on the 
amount of ingot material and the prior heat treatment of the metal to initiate the melt. 
Fig.2.8 shows the phase transition curve of a Co-C eutectic cell (melting point 1324 
°C) measured with a type R thermocouple (sensitivity 13pV/°C).
After the melt is complete, a freezing curve is obtained when a molten metal or alloy 
inside a crucible is frozen by cooling it to a temperature below the phase transition 
temperature. As mentioned before, supercooling followed by recalescence occurs 
when nucleating a new solid phase. When the fixed point cell starts recalescence, the 
solid phase of the metal grows by releasing latent heat which causes the temperature 
of the fixed point material to rise to its phase transition temperature. The freezing 
plateau is also not completely flat because of the segregation of impurities and the 
development of crystal structure during solid phase growth [71].
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Figure 2.8 A phase transition curve of a Co-C eutectic point cell measured by a type R 
thermocouple.
39
2.4 Phase diagram
Information about phase transitions between substances is represented on a phase 
diagram. Phase diagrams are mostly constructed by thermal analysis. The equilibrium 
constitution of a single component system is fixed by variable pressure and 
temperature shown in Fig.2.9. The phase boundary lines show the regions in which 
the phase transition occurs. The Gibbs free energy of two phases is equal at the 
boundary lines. At the triple point, the solid-liquid phase transition line intersects with 
the liquid-gas transition line. At this point, there coexist three phases; gas, liquid and 
solid.
2 Solid3
I
6i Liquid
Gas
Temperature
Figure 2.9 Schematic phase diagram of a typical substance on the pressure- 
temperature (PT-plane)
2.4.1 The phase diagram of a binary alloy
The free energy pattern of the solid solution for the alloy is different from the pure 
substance. This happens because the entropies of the pure components A and B and 
the solution of them has an extra entropy due to the arrangement ways of the two 
kinds of atoms. The binary alloy A-B phase diagram derived at each temperature are 
shown in Fig.2.10 where 7] >7^ >7^ and Tm(A), Tm(B) represent the melting point of
material A and B, respectively. Note that the phase transition occurs by seeking the 
lowest Gibbs free energy. The free energy of the alloy of pure A and B may vary 
with temperature as shown in Fig.2.10 (a)-(e).
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At temperature T ,^ T ^> T ^(A )> T ^(B ), all the alloy compositions A- B are in the 
liquid phase which has a lower free energy shown in Fig.2.10 (a). The pure element A 
has a phase transition at temperature T^(A ) and the pure element B has phase
transition at temperature 7 ^ j . This is because =^soiid^^ shown in Fig.2.10 
(b) and (d). In Fig.2.10 (c) at temperature T^, T J A ) > T 2 > T ^(B ), the free energy
curves cross. This means the alloys between A-b are solid and between e-B are liquid. 
Thus, the alloys between b-c consist of two phase mixture (solid and liquid) which is 
plotted on the phase diagram at temperature 2^  in Fig.2.10 (f).The detailed derivation 
of the phase diagram from the free energy curves of the binary alloy are in ref. [72].
G
A
(d)
B
G T;JA) G
s
A
(b)
B
A
(e)
B A
(f)
A b c B 
(c) j
G r , T 1 1 1 1
T, 1 1 
1 i
h
i !
V  1
s s Ti -  solidus
diquidiis
B
Figure 2.10 The derivation of a simple binary phase diagram from free energy curves 
for the liquid (L) and solid (S) [72].
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2.4.2 The eutectic reaction
The metal-carbon fixed points are currently used to increase the temperature 
calibration range of thermocouples to higher temperatures than pure metals in the 
ITS-90. Metal-carbon fixed points are based on the eutectic reaction at which two 
crystalline phases and a liquid phase coexist. Fig.2.11 represents the phase diagram of 
a binary eutectic alloy and a typical freezing curve for a composition enriched in B.
Liquid (L)
(3+L
CL
Solid
a  -t-p
> Bwt. %A
Liquid is cooling
Q.
Freezing curve
Time
Figure 2.11 Representation of the phase diagram of an alloy that forms a eutectic.
In Fig.2.11 represent two elements and a, p represent the two solid phases. If a melted 
alloy on the B-rich side is cooled, crystallization begins by the formation and growth 
of dendrites of p. During these dendrites grow, the percentage of A in the liquid 
increases. The process continues until the liquid is saturated with A to nucleate the A- 
rich phase, a. The a  and the p phase then grow together (cooperative growth). The 
eutectic phases can have various structures of growth such as lamellar, rod like, 
globular and acieular shown in Fig.2.12. An overview of the eutectic growth 
structures can be found in [67, 71, 72]. The selected solidification structure is the 
structure that minimizes the amount of free energy of the a -p  interface. Fig.2.13 
shows an example of the Co-C eutectic micrograph structure. A lamella structure with 
lamellae a  and p is often observed in an eutectic alloy [72].
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Figure 2.12 The various struetures of the eutectic growth [71].
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Figure 2.13 Micro structure of polished and etched cobalt-carbon eutectic [73].
2.5 The Principles of the thermocouple
The thermocouple originated from the thermoelectric experiment demonstrated by 
Seebeck in 1821 [33]. Thermoelectricity is generated by the interplay of heat and 
electricity. There are three types of thermoelectric effects: the Seebeck effect, the 
Peltier effect and the Thomson effect. The most important thermoelectric phenomena 
related to thermocouple thermometry is the Seebeck effect.
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2.5.1 The Seebeck effect
The Seebeck effect is the generation of a voltage potential, so called electromotive 
force (emf) that occurs when there is a temperature gradient along the length of a 
conductor. The temperature causes the rearrangement of the free electrons in the 
conductor. The hotter atoms have faster motion than the colder atoms. As a 
consequence of charge distribution, the conductor has a variation of the electromotive 
force. The absolute Seebeck em f of individual metal could be measured if one end of a 
wire is placed at temperature Ti and the another end at temperature T2 where T2> Tj. 
The conceptional experiment to measure the Seebeck effect for a wire, material A, is 
shown in Fig.2.14.
Material A
Voltmeter
Figure 2.14 The Seebeck effect of material A.
The ratio of the net change of the Seebeck emf resulting from a very small change 
of temperature increment {dJ) of a single material is called an absolute Seebeck 
coefficient ( cr ) (commonly known as a thermoelectric power):
dT (2 .21)
The Seebeck effect is exhibited in individual materials. The measurement results of 
the relation between the absolute Seebeck emf and absolute Seebeck coefficient for 
pure platinum are shown in Fig.2.15. Applying this to thermocouple measurement, it 
can be said that the Seebeck emf occurs within the thermoelement wire. Therefore,
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the Seebeck emf does not occur at the junction of thermocouple nor does only happen 
when joining two dissimilar conductors, as a common misconception [33, 36] .
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Figure 2.15 Absolute Seebeck thermoelectric characteristics of the pure platinum[36]
However, the circuit in Fig.2.14 is not practical to measure the temperature because 
the voltmeter would read the combined voltage from the voltmeter probe (copper 
leads) which also exhibit the Seebeck effect in temperature gradients. Therefore, the 
measurement of the Seebeck emf for a single wire is not feasible to measure in 
practice. Special techniques are used to determine the absolute Seebeck coefficient of 
each material called the ohmie method which is described in [74]. The measurement 
of the Seebeck coefficient of a single material is an indirect measurement relating to 
other thermoelectric phenomena.
The two other thermoelectric effects are the Peltier effect and the Thomson effect 
referring to the production of reversible heat when an electric current flows. The 
Peltier effect is the effect of heat generation or absorption when an electrical current 
flows between two dissimilar conductors. The Thomson effect is the heat generation 
or absorption within one conductor which is related to the electrical current and to the 
temperature gradient. The historical background of these three thermoelectric effects 
and the interrelation between them is detailed in [36, 75].
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2.5.2 Thermocouple characteristics
This section discusses how the voltage is generated by a thermocouple through 
consideration of the Seebeck coefficient. For practical thermocouple thermometry, the 
Seebeck effect requires a combination of two wires with dissimilar Seebeck 
coefficients. A thermocouple is made from two dissimilar wires coupled at a junction. 
Fig.2.16 represents a simple thermocouple. This thermometer type requires no 
electrical power supply for measurement so, it can be said that the thermocouple is the 
simplest temperature transducer.
A
< B
Gg
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Ti
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Figure 2.16 A simple thermocouple circuit.
Consider the simple thermocouple circuit shown in Fig.2.16. It is made from 
dissimilar conductors A and B  having the Seebeck coefficients a a and gb, respectively. 
The measurement junction is at temperature T?. The other ends are connected at each 
end with copper wires having the Seebeck coefficient ac to a voltage measuring 
device. The copper wires and the thermocouple wires are maintained at the 
environment reference temperature Tj whereas the copper terminals at voltmeter are 
at the ambient temperature To where T2 > Tj> Tg. The net loop Seebeck voltage of 
circuit in Fig.2.16 can be written from equation (2.21) as
•‘ 2 •‘ 1
^ A B ~  +  ^ cr^ d T  — jc T g d T  — j ( j ( j d T  (2 .22)
To % % ^
The net loop Seebeck voltage (E ^) of the whole circuit when a measurement is made 
across two connected dissimilar conductors is directly related to the temperature 
gradient and the Seebeck coefficients. The following equation is the general 
expression of the thermoelectric voltage generation in thermocouples [36].
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^AB ~ (2.24)
Where =a^-<7^ is the relative Seebeck coefficient of the thermocouple made 
from thermoelements A and B.
Note that the value of the net Seebeck emf in equation (2.24) is according the 
integration from temperature gradient Ti to T2 along the length of thermocouple. This 
is fundamental to understand the operation of the thermocouple thermometry that the 
thermocouple em f is not generated at the measurement junction. Actually the 
thermocouple emf generated by the Seebeck effect is due to the temperature gradient 
along the wire. Fig.2.17 shows the Seebeck coefficient of each thermocouple 
thermoelement.
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Figure 2.17 The Seebeck coefficient of thermocouple elements [33].
2.5.3 The thermocouple junctions
The use of the junctions in thermocouple thermometry will now be described. There 
are two junctions used in thermocouples; the measurement junction and the reference 
junction. The thermocouple measurement junction is only required for electrical 
connectivity between the two dissimilar wires. Two thermocouple wires may be 
joined by twisting, soldering or direct welding to form the measurement junction. 
There are many types of measurement junction constmetion. Exposed or hare wire 
gives the best thermal response. A grounded and ungrounded thermocouple 
measurement junction is made inside the protective tube giving the ease of
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atmospheric protection. The thermocouple junction construction details 
reference [36].
are in
The thermocouple reference junction is made to maintain the ends of the two 
dissimilar wires at the same temperature and produce the heat conduction path. The 
reference junction should be maintained isothermally at the ice point (a mixture of ice 
and water) [5]. A practical thermocouple circuit with the ice point reference junction 
is shown in Fig.2.18.
Thermocouple wiresCopper wires
Voltmeter
Measurement Junction
Reference Junction 
(Ice Point)
Figure 2.18 A thermocouple with an ice-point reference junction. The two 
thermocouple wires at the reference junction are place in the same ice bath and 
electrically insulated from each other.
Note that the emf of the thermocouple is only generated along the thermocouple wire 
in temperature gradient region which its sensitivity is determined by its Seebeck 
coefficient. Therefore, the interface alloy material produced at the measurement 
junction, thermocouple bead, must be kept in the isothermal region to ensure that this 
third material will not generated the emf.
Fig.2.19 shows a thermocouple circuit of thermocouple wires A, B and the alloy C of 
the formed measurement junction. The measurement junctions are placed in three 
different ways at temperature T2  and the reference junction placed at temperature Ti, 
Applying the same relation in equation (2.22), it is clear that all three cases have the 
same net Seebeck emf.
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Figure 2.19 A basic thermocouple with different temperature distributions, (a) The 
measurement junction at the highest temperature, (b) The measurement junction in an 
isothermal region, (c) The measurement junction at an intermediate temperature. All 
have the same net Seebeck emf [36].
2.5.4 Thermocouple reference function
To develop the thermocouple emf-temperature standard calibration relationship, the 
emfs of the standard thermocouple types listed in Table 1.5 were measured at 
variation temperatures Tj where the reference junction is at the ice points. The 
references [33, 34] and [76] provide a standard thermocouple calibration table, and 
polynomial curve fit with associated coefficients. The reference functions are, with 
one exception (for type K thermocouple):
(2.25)
From the standard calibration polynomial function above, the inverse function is also 
provided to convert thermocouple emf into temperature T  which is more convenient 
for thermocouple users. The inverse functions are:
T. -  Cq + + c^EIj +... + c^Eqj (2.26)
The coefficients of the calibration equation of Type R, Pt/Pd and Type C 
thermocouples are given in Appendix A. The similar data for other standard 
thermocouples can be found in [34].
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2.6 Inhomogeneity effect
In section 2.5.1, the Seebeck coefficient was described as an intrinsic property of 
individual materials. This relation is applied locally for each segments of the 
conductor. A thermoelectrically homogeneous material is essential to keep the 
uniform Seebeck characteristics of thermocouple wires [36]. Therefore, the 
thermoelectric homogeneity is the most important consideration in thermocouple 
thermometry [77]. In this section how the thermocouple inhomogeneity effect occurs 
will be explained.
The thermocouple emf output depends upon the temperature difference between the 
measurement junction and reference junction and the Seebeck coefficient of both 
thermocouple wires. The value of the Seebeck coefficient depends on the chemical 
and physical features of the metal wires. Thus, the Seebeck coefficient will change if 
the metal is altered from its newly constructed (and annealed state). This can be 
through contamination, oxidation, mechanical stress or uneven heat treatment.
Considering the output of a thermocouple in terms of the electric field ( E) ,  which is 
equal to change of thermocouple emf output (dE), at each part of the wire (dx),  the 
relation between the infinitesimal electric fields and the Seebeck coefficient in 
equation (2.21) can be simply stated as:
È  = —  = a ( x , T ) ^  (2.27)
dx dx
The Seebeck coefficient is a function of both T  and %. So, a{x ,T )  depends not only 
on temperature but also can vary from point to point along the thermocouple wires. Of 
course if the thermocouple is well constructed then this variation of Seebeck 
coefficient with length will be minimal. Unfortunately, for the thermocouple which is 
used this is no longer the case and the variations in Seebeck coefficient start to appear. 
This variation is known as the thermoelectric inhomogeneity and occurs to a greater 
or lesser extent in all thermocouples during use, its severity depends upon the 
thermocouple type and the measurement situation (e.g. if it is clean or contaminated).
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Fig.2.20 (a-d) illustrates the distribution of the electric field, Ê of a thermocouple 
which is placed in a furnace having temperature profile T(x). The new homogeneous 
thermocouple is assumed to have a uniform Seebeck coefficient, (%(%, T) that is
constant along its length, x. The <j{x, T) and E  values of the new thermocouple along 
its length x are shown by the solid line in Fig. 2.20 (c) and Fig.2.20 (d), respectively. 
If the change in Seebeck coefficient is mainly due to thermal effects then after use, the 
Seebeck coefficient is seen to change mainly in the temperature gradient region of the 
exposed thermocouple in the furnace. This change effects the generation of emf most 
at the temperature gradient region as shown by dashed lines in Fig. 2.20.
furnace
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Temperature profile
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Figure 2.20 The inhomogeneity effect in thermocouples [33]. (a) the thermocouple 
measurement in a furnace, (b) the temperature profile of furnace, (c) the Seebeck 
coefficient along the thermocouple length; the new homogeneity (solid line) and the 
inhomogeneity after used (dash line), (d) the output from new thennocouple (solid 
line) and the drift of output from inhomogeneity effect after used (dash line).
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The thermocouple inhomogeneity is the most significant source of uncertainty in the 
calibration of thermocouples because the temperature gradient experienced by the 
thermocouple during calibration may be usually different to that experienced in use 
[78-81]. The drift in output signal and the inhomogeneity of thermocouples depend 
on the mechanisms of deterioration both mechanical and chemical. Examples of 
thermocouple deterioration are a) the mechanical cold working of the wires during 
assembly or during use, b) the chemical reaction between the thermoelements and 
contaminants present in the operating environment and c) the thermal gradient itself. 
These mechanisms introduce defects into the crystal structure of the thermoelements 
that increase their electrical resistivity and change their Seebeck coefficient.
The thermocouple deterioration in an operating atmosphere is mainly through 
oxidation. Thermoelements metal wires usually start to oxidize from their surface, 
carrying on into the wires themselves. The service life of thermocouples prone to 
oxidation (all base metal thermocouples) can be predicted by their wire diameter 
because smaller diameter wires give more surface to volume ratio causing oxidation 
degradation to be faster than in larger diameter wires [33]. Protection from oxidation 
is usually provided by cladding the thermocouple in a suitable protective sheath.
For Pt/Pt-Rh alloys thermocouples, the deterioration occurs from the transport of the 
alloying material Rh which has low vapour pressure. Thus pure platinum wire tends to 
be affected by rhodium contamination which is vaporized from the alloy 
thermoelement at temperatures above 500 °C. In addition, contamination can also 
occur from impurities present in the operating environment [36].
2.7 Summary
In this chapter, the physics of temperature measurement was introduced in particular 
of the concept of the heat capacity, the Debye temperature, the four laws of 
thermodynamics and the phase transitions. In addition, the principle on the used of 
thermocouples was described. This includes the Seebeck effect, the thermocouple 
circuit and thermocouple output. Moreover, pitfalls in the use of thermocouples were 
described. Finally, the role of inhomogeneity effect was outlined.
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Chapter 3 
Experimental techniques
3.1 Introduction
This chapter will describe the experimental techniques used for this research. All 
experiments described here have been carried out at the National Physical Laboratory 
(NPL), Teddington, UK. Firstly, the construction of standard noble metal 
thermocouples will be explained. Then, the instrumentation required for the 
calibration including the important metal fixed points will be described. This chapter 
will also explain how to measure the melting temperature of the fixed point and the 
associated uncertainty of calibration. The methods to determine the thermocouple 
inhomogeneity, the major source of thermocouple uncertainty, are described in this 
chapter. Finally at the end of this chapter, the thermal simulation program used to 
develop thermal models of mini-fixed points for thermocouple self calibration will be 
briefly introduced.
3.2 Construction of standard thermocouples
In the content of this thesis, the standard thermocouples are based on Pt, Pt/Rh and 
Pd. The standard letter designed types, type R, S and B, and the non-letter designed 
types, Pt/Pd and Au/Pt, are described in Chapter 1. The construction of type R, S and 
B thermocouples are very similar because these thermocouples employ 
thermoelement wires made from platinum and platinum alloyed with rhodium. The 
construction and heat treatment of the Pt/Pd thermocouple is slightly different as 
discussed before in Chapter 1, Section 1.5.
The thermocouple to be used as a standard should be constructed from a continuous 
thermoelement. Typically, the length measured from the measurement junction to the 
cold junction is around 1000 mm [82]. The thermoelement diameter of Pt-based
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thermocouples should be at least 0.35 mm to 0.5 mm. Smaller-diameter wires are 
prone to damage during the electrical annealing of the wires at high temperatures 
whereas larger-diameter wires are more expensive and can be the cause of thermal 
response error. Cleanliness of the thermocouple wires is very important because any 
impurities during fabrication will result in contamination of the wires and subsequent 
thermocouple instability [83]. PVC gloves should be worn all the times when 
handling the bare wires and the ceramic insulators. Prior to assembly into a 
thermocouple, the thermoelement wires are thoroughly cleaned with ethanol and then 
distilled water to remove all dirt, lubricant and fingerprints [83]. After cleaning, the 
wire is ready for the next step that is annealing.
3.2.1 Annealing
All thermocouples should be in the homogeneous crystal structure throughout the 
wires. The purposes of annealing the thermocouple are to produce a homogenous 
structure, remove the strain from cold work handling during assembly, equilibrate the 
point defects and remove the contaminants. Annealing is a heat treatment process 
performed by heating the industrial wires/constructed thermocouples and maintaining 
a suitable temperature (usually above its re-crystallization temperature) for a certain 
period of time. When the wire is heated above its re-crystallization temperature, then 
atoms start redistribution and diffusing crystallographic defects within the lattice 
crystal structure. This process improves the microstructure making the material more 
homogeneous and softer [33, 36].
Generally, at temperature typically about 60% of the material’s melting temperature, a 
re-arrangement of the crystal structure happens [84]. For example the platinum wire 
(melting point 1768 °C) should be annealed at a temperature above 1100 °C. The 
optimum length of annealing time is key to the successful of the annealing process 
[33]. Most of the mechanical strains introduced during assembly are relieved during 
the first few minutes of heating the thermocouple wires above 1100 °C. However, the 
drift of the thermocouple output is smaller if the thermoelement wires are annealed 
longer before the thermocouple is calibrated. But, thermocouples should not be 
annealed for too long as this may result in mechanically weak wires due to grain
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growth [36]. Annealing of thermocouples is a two step process: first, the bare wires 
are electrically annealed, and then secondly the assembled thermocouple is annealed.
3.2.1.1 Electrical annealing
After the thermoelement wires are cleaned, firstly the wires should be annealed 
electrically to give a homogeneous structure throughout the wire before assembly. 
The annealing system passes an electrical current through the wires and then heating 
to particular temperatures. The annealing current is regulated by an adjustable 
transformer. Each end of the thermocouple wires is mechanical mounted the electrical 
annealing system using the hook made of the same metal as the wire. Then the wire is 
heated by passing a 50 Hz alternating current through its. The practical procedure for 
annealing thermoelement wires of the type R, S and B thermocouples is that the wires 
are gently heated up, approximately 1 A current increment per minute, the pure 
platinum wire to 1100 °C and the platinum-rhodium alloy wire to 1300 °C then they 
are held at these temperatures for 1 hr. After that the current is gently decreased to 
allow the wires to cool to room temperature. Fig.3.1 shows the electrical annealing 
system and the heated wires.
Figure 3.1 The electrical annealing system showing the heated wires; Pt (left) and Pt- 
Rh (right) at temperature 1100 °C and 1300 °C respectively. The Disappearing 
Filament Pyrometer (DFP) is used to monitor the temperatures.
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The temperatures of the wires are determined by using a Disappearing Filament 
Pyrometer (DFP). The DFP measurement compares the bright heated wire with the 
internal calibrated filament to obtain the required temperatures. The emissivity of the 
thermocouple wire needs to be considered to apply to the correction of the 
temperature of the DFP to set the true temperature. For thermoelements with 0.5 mm 
diameter and 2.0 m long, the Pt/Rh wire requires a power of 550 watt for annealing at 
1450 °C and the Pt wire requires the power of 350 watt for annealing at 1100 °C. The 
electrical annealing procedure for the Pt/Pd thermocouple is more sophisticated 
because Pd wires are sensitive to oxygen saturation. The longer annealing time at least 
10 hr at 1300 °C has been shown to improve the thermoelectric stability of the Pt/Pd 
thermocouple [29].
3.2.1.2 The furnace annealing
After construction, the portion of thermocouple that will be used above the ambient 
temperatures should be annealed again in a horizontal furnace to 1100 °C and slowly 
cooled to remove cold work introduced during assembly [36]. To attain optimum 
stability, annealing at least 1000 mm from the measurement junction at 1100 °C in the 
horizontal furnace for 1 hr for type S, R, and B thermocouple should be performed. 
For the Pt/Pd thermocouple the furnace annealing is required for a further 150 hours 
for the Pd wire to absorb oxygen until it is saturated [29]. This is the key process to 
achieving stability for the Pt/Pd thermocouple [44]. Fig.3.2 shows the horizontal 
furnace used to anneal the thermocouple.
♦
A
Figure 3.2 The furnace annealing system
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3.2.2 Construction
The annealed thermocouple wires are inserted gently into twin bore high purity 
alumina insulating tubes. The twin bore tube is used to support the wires and insulate 
the bare wires before reaching the measurement junction. In addition, the twin bore 
insulation is arranged to protect the metal vapour interchange between the wires [82]. 
The alumina insulator should be thoroughly baked at 1500 °C for at least 24 hours or 
longer before use as thermocouple to remove impurities. The colour of the baked 
cleaned alumina should be pure white [29].
After threading the thermoelements into the twin bore ceramics, the thermocouple 
junction is formed by oxygen-gas torch, welding the thermoelement together, as in 
Fig.3.3 (a). For the type R, S and B thermocouple, the measurement junction can be 
made by welding two thermoelement wires at the tip directly. For the Pt/Pd 
thermocouple, the different expansivity of Pt and Pd wire need to be considered. Two 
approaches have been followed to form the measurement junction. Traditionally, the 
two wires are joined with a very fine coil of Pt wire to accommodate the different 
expansion during heating and cooling. However, this made the Pt/Pd thermocouple 
very fragile, so a new design where the Pt wire were welded in a U-shape but free 
movement of the wire inside the alumina bore allowing for the different expansivity 
and more robustness is adopted here. The sleeve and the handle should allow for free 
wire movement and kinks in the wire should be avoided in any parts of the 
thermocouples [40]. Fig.3.3 shows the welding of thermocouple junction and the 
thermocouple after assembly.
(a) (b)
Figure 3.3 (a) Welding of thermocouple junction (b) the noble standard thermocouple 
after assembly.
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The wires emerging from the ceramic insulator are electrically isolated with the 
Teflon tubes because this part is only at the ambient temperature. Heat-shrink cable is 
used to connect between the ceramic insulator tube and Teflon tubes. To create the 
reference junction, two copper wires are connected to each thermoelement end. These 
copper wires are then inserted to the glass tube and well immersed into the melting ice 
for making the reference junction.
3.3 Instrumentation
As mentioned in Chapter 1, Section 1.6, the thermocouple calibration can be 
conducted by the fixed point, the wire bridge and the comparison with standard 
thermometer method. In this section, the instrumentation for calibration of 
thermocouples by the fixed point method used will be explained.
3.3.1 Description of the fixed points used for thermocoupie 
caiibration
The lTS-90 defining fixed points are listed in Table 1.2 in Chapter 1. The primary 
calibration services of type S, R, B and Pt/Pd thermocouples at the National Physical 
Laboratory are performed by using a series of fixed points: the freezing points of tin 
(231.928 °C), zinc (419.527 °C) and copper (1084.62 °C) for range up to 1100 °C. 
For the range up to 1500 °C, the calibration employs the melting point of the cobalt- 
carbon eutectic (1324 °C) and the palladium-carbon eutectic (1492 °C). The fixed 
point material is contained in a graphite crucible. The Graphite cap to the crucible 
incorporates the thermometer re-entrant well. Fig.3.4 shows the standard fixed point 
crucible and cross section showing the ingot material and thermometer re-entrant 
well. The following requirements need to be fulfilled to construct a fixed point of 
sufficient quality for thermocouple calibration [85]:
(a) The purity of fixed point material and graphite crucible are high purity 
99.999% or better for 1 mK uncertainty.
(b) The length of the crucible and ingot must be long enough for adequate 
immersion of thermocouples, usually 10 times more than the thermocouple’s 
diameter. This avoids the conduction error causes by heat get in or away from
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the measurement junction of thermocouple. The standard cell used by NPL 
gives the depth for the thermometer about 200 mm immersion within the 
molten metal [5].
Thermometer
Thermometer entrant-well
Material ingot
Graphite crucible
Figure 3.4 The standard fixed point crucible (left) and the cross section with 
thermometer (right)
3.3.2 The fixed point furnace
The furnace must provide a uniform-temperature zone for maintaining the fixed point 
temperatures to be able to be closely controlled of melting and freezing cycle. The 
fixed point graphite crucibles are protected from oxidation by enclosure in a ceramic 
or silica tube (depending on temperature), as in Fig.3.5. The fixed point assembly has 
a graphite equaliser block with many layers of thermally insulating by graphite felt 
and radiation baffles. To protect the thermometer from graphite, an alumina tube is 
inserted to the fixed point crucible to be a thermometer well. The assembly is purged 
and filled of inert gas (Ar) to prevent oxidation of the graphite [2].
The typical furnace is a three-heater zone tube furnace shown in Fig.3.5. The inner 
tube of the furnace must be adequate to accommodate the cell assembly, which is 80 
mm in diameter and 750 mm long. The temperature uniformity of the furnace needs to 
be well within the few degrees over the length of the crucible. The temperature profile 
of the three zone fixed point furnace suitable to maintain the Co-C eutectic cell is 
shown in Fig.3.6. The measurements were performed by withdrawing a reference
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thermocouple in steps from the bottom of the fixed point cell up through the 
thermometer well.
Ar gas
Thermocouple
Thermometer well
Brass Shield
Top Heater
vacuum
gauge
Central Heater
Bottom Heater
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Radiation
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Figure 3.5 The three zone fixed point furnace with the fixed point cell construction.
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Figure 3.6 The temperature profile of a furnace that is suitable for the use with a Co-C 
eutectic fixed point cell. The axial uniformity of this furnace is within 1.5 °C.
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3.4 Calibration
Fig.3.7 shows a typical thermocouple calibration system. The measurement junction 
of the thermocouple is inserted into the fixed point re-entrant well inside the furnace. 
The thermocouple tip should be lifted in small amount from the bottom of the cell to 
allow the thermal expansion of thermocouple wires at high temperatures. The 
reference junction is maintained at the ice point at 0 °C (a mixture of ice and water 
made from de-ionized water). Notably for type B thermocouple which has no 
sensitivity before 50 °C so this thermocouple can be used without the reference 
junction in room temperatures. The copper wires from the reference junction 
emerging from the ice point tube are connected to the voltage measurement system. 
The sensitivity at 1000 °C of the noble metal thermocouples is typically 13 pV/K for 
type R and 12 pV/K for type S. This sensitivity varies with a temperature. To detect 
the thermocouple output, a 8 % digit calibrated multi-meter on the 100 mV scale with 
10 nV resolution is used. The computer program Labview is used to automatically 
collect the experiment data in real time.
Thermocouple 
under calibration
Digital Multimeter
G -
Computer
Readout
Reference Junction 
(Ice Point)
Fixed Point crucible & 
Furnace
Figure 3.7 The thermocouple calibration system.
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3.4.1 Preparation and use of the fixed point
The procedure explained next is the preparation of the Co-C eutectic fixed point 
(1324 °C) for thermocouple calibration. The set up of the measurement is as Fig.3.7. 
A known reference thermocouple is used to monitor the temperature of the cell whilst 
the furnace temperature is increased. This is to protect the thermocouple under test 
from ageing at high temperatures. As the furnace approaches the melting point, the 
furnace temperature is slowly raised with temp rate 2.5 °C/min to about 10 °C below 
the melting temperature of the Co-C metal eutectic. Next, the reference thermocouple 
is gently removed and the thermocouple under test is gradually inserted (1-2 cm each 
step) to avoid thermal shock. After the thermocouple under test reaches the bottom of 
the cell, the thermocouple about 10 mm is lifted from the bottom to allow the space 
for thermal expansion. It is held at this temperature for at least 1 hr to ensure thermal 
equilibrium has been established. The reference junction is held at an ice point and 
connected to the voltage measurement system.
After 1 hr, the thermocouple output versus time shows thermal equilibrium between 
the thermocouple and the furnace. This is indicated by no increment of thermocouple 
output. The temperature of the furnace is increased to about 10 °C above the fixed- 
point melting temperature. By recording the thermocouple output versus time (e.g. in 
Fig.3.8), as the fiimace temperature increases, a melting plateau is observed.
For the eutectic fixed point cell, the first melt data is usually discarded because the 
history of the previous solidification is usually unknown. For the eutectic cells, the 
freeze history is known to have a small effect to the subsequent melt temperature 
(generally < 0 .1  °C) [29]. So the cycle generated melt is repeated. Once the melt has 
been completed, the furnace is set to about 10 °C below the freeze temperature. The 
temperature o f the fixed point cell will fall below , the freeze temperature 
(supercooling), followed by recalescence. Then the thermocouple output will indicate 
a freeze plateau. After the freeze completed, the cell is cooled down to the fiimace 
temperature as shown in Fig.3.8.
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Figure 3.8 A graph of temperature versus time of a general fixed point cell. The 
temperature plateau indicates the phase transition (solid line) comparing with the 
change of furnace temperature (dash line).
For pure metal fixed point such as tin, zinc, aluminium and copper, the fixed point 
temperature is normally realized by the freezing plateau. However, the temperature of 
the eutectic fixed points listed in Table 1.3 of Chapter 1 is better realised by the 
melting plateau. This is because it has been shown that the melts of a high 
temperature fixed point is less sensitive to furnace condition and more repeatable 
[23].
3.4.2 The thermocouple output at the melting temperature
A representative curve of the melting of a Co-C eutectic cell measured with a type R 
thermocouple is given in Fig.3.9. The true eutectic fixed point temperature is the 
liquidus point which at which all solid has been transformed into liquid (completely 
molten). The solidus point is the temperature that solid material starts to melt. 
Between the solidus and liquidus point is the mixture between liquid and solid phases 
[72]. If the liquidus point and solidus point are at the same temperature, like a pure 
metal, the melting plateau is almost completely flat. In practice the evaluation of the 
melting point temperature is obstructed by the melting range (not flat plateau).
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Figure 3.9 Typical melting curve of a Co-C point. Features are indicated that help 
analyse the melting plateau.
For the realization of the melting point of the eutectic alloy temperature, the inflection 
point is used in the melting curve [23]. The inflection point is the point on the curve 
where the melting curve changes from being concave downwards (being the most 
solid phase) to concave upwards (being the most liquid phase). The unique value of 
the thermocouple emf at the inflection point is then compared with the standard 
reference emf function of the same thermocouple type at the assigned fixed point 
temperature. This is essentially in the calibration at the fixed point. For example, from 
the result in Fig.3.9 the point of inflection is at 14976 pV. The temperature at the Co- 
C eutectic fixed point realized using the radiation thermometry is 1324 °C [23]. 
Subsequently, by using the standard reference function of type R thermocouple at this 
assigned temperature, the reference emf is 14967 pV (13 pV /°C) [34]. Therefore this 
thermocouple under test is offset from the reference function by 7 pV or about 0.5 °C. 
Of course there are uncertainties, these are discussed below.
3.4.3 The evaluation of uncertainty
A measurement result is not completed if it is not accompanied by the uncertainty. 
The uncertainty of measurement is the doubt that exists about the measurement results 
[86]. The estimation of uncertainty tells you the quality of the measurement. The 
uncertainties can come from the thermocouple itself, the measuring instrument or the
64
measurement process. Fig.3.10 shows an example of error influence factors for 
thermocouple calibration by the fixed point method.
Voltm eter Therm ocouple
R epeatability resu ltsS pu riou s em f
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Figure 3.10 General uncertainty influence factors for thermocouple calibrations by 
fixed point.
The uncertainty should be estimated and combined according to ‘the Guide to the 
Expression of Uncertainty Measurement (GUM)’ [87]. The steps to evaluate the 
overall uncertainty of measurement are briefly as follows.
1. Uncertainty estimation: First identify the sources of uncertainty in 
measurement. Then the size of each uncertainty component needs to be 
estimated. There are two main categories of uncertainty; Type A and Type B. 
Type A  evaluation is the uncertainty estimated firom the random errors of 
repeated readings using statistics (usually from the standard deviation of 
measurement readings). Type B  evaluation is the uncertainty estimated fi*om 
any other information. This could be from calibration certificates, from the 
manufacturer’s specification, from the other systematic errors or from 
experiences [86].
2. The probability distribution of the uncertainty: The shape of the 
uncertainty is estimated from the probability distributions. For example, the 
set of measurement readings likely to be fall near the average rather than 
further away is a typical of a normal or Gaussian distribution shown in 
Fig.3.11(a). Type A uncertainty is estimated through the normal distribution 
(standard deviation). On the other hand Type B estimation of uncertainty is a
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rectangular or uniform distribution shown in Fig.3.11 (b). An example of the 
rectangular distribution is the resolution range of a digital voltmeter. If the 
voltmeter has a 0.01 mV resolution and it shows measurement reading of 1.00 
mV, the signal could be somewhere between the lower limit 0.995 mV and 
upper limit 1.005 mV (uniform distribution) [86, 87].
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Figure 3.11 A ‘Blob plot’ of the set of values lying in (a) a normal distribution (Type 
A) and (b) a rectangular distribution (Type B) [86].
3. Combining the uncertainty: The uncertainty contributions must be in the 
same units before combining. Combining standard uncertainties of Type A 
and Type B evaluations is made by summation in quadrature (root sum of the 
squares) [87].
4. Confidence level: To properly express the uncertainty of measurement, it 
needs to quantify the confidence level. Multiplying the combined standard 
uncertainty by a coverage factor taken from the Student's t 
statistical table gives the expanded uncertainty reported. Generally, the 
combined uncertainty is scaled by the coverage factor k=2 to give a confidence 
level of approximately 95 % [86].
Table 3.1 shows an example of a spreadsheet used to calculate the uncertainty 
budgets for the calibration of type R thermocouples by a Co-C eutectic fixed 
point. The detailed uncertainty contributions are listed below:
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Type A (the normal distribution):
(1) The statistical standard uncertainty is taken from the standard deviation of the 
thermocouple emf readings at the point of inflection of at least 3 melting plateaus.
Symbol C om ponents uncertain ty Divisor Sensitivity S tandard
contribution coefficient U ncertainty u, /pV
Type A
(1) Statistical standard uncertainty/ 0.10 1 1 0.10
Type B
(2) ingot impurity/ °C 0.02 1.73 13 0.15
(3) Effect of thermai enVronment(Heat flux)/ °C 0.02 1.73 13 0.15
(4) Immersion/ wire inhomogeneity / p,V 1.11 1.73 1 0.64
(5) Piateau irreguiarity / p,V 1.00 1.73 1 0.58
(6) Voltmeter calibration(absoiute)/ p,V 0.50 1.73 1 0.29
(7) Spurious EMF/ p,V 0.50 1.73 1 0.29
(8) Ice-point uncertainty/ °C 0.10 1.73 5 0.31
Combined A and B(at fixed points), U / pV 1.03
Expanded uncertainty(/c =2), /c U / pV 2.06
Expanded uncertainty(/f =2) / °C 0.16
Table 3.1 The calculation spread sheet showing the uncertainty budget for the 
calibration o f the type R thermocouples with the Co-C eutectic fixed point [39].
Type B (the rectangular distribution): the standard uncertainty for a rectangular 
distribution can be statistically estimated by dividing the semi-range (half-width)
by a/3 .
(2) The uncertainty due to the ingot impurity of the fixed point is estimated from 
the effect of variation of Co powder impurity [88].
(3) The uncertainty due to the heat flux measurement of the fixed point is 
estimated from the effects of furnace offsets and fixed point melting temperature.
(4) The uncertainty due to the immersion/ inhomogeneity of the thermocouple is 
estimated from the inhomogeneity tests described in Section 3.5.
(5) The uncertainty due to the plateau determination is estimated from the 
variation of the point of inflection from the material liquidus point, as Fig. 3.9.
(6) The uncertainty due to the calibration of the voltmeter which is calibrated and 
given the uncertainty by the electrical laboratory.
(7) The uncertainty due to spurious emf is estimated from the background noise 
emf when the voltmeter is shorted circuit.
(8) The uncertainty due to the ice point is estimated from the stability and 
uniformity of the ice point temperature.
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Note that the standard uncertainty components w/ must be converted in the same unit 
(here in pV) by using the suitable sensitivity coefficients before combining. The 
sensitivity coefficient of thermocouple type R is 13 pV/°C at the melting temperature 
of Co-C (1324 °C) and 5 pV/°C at the ice point temperature (0 °C).
3.5 Inhomogeneity Test
As explained before in the background theory Chapter 2 in Section 2.6, thermocouple 
inhomogeneity is the most significant source of uncertainty in thermocouple 
calibration. This is because thermocouple output depends upon the temperature 
gradients between the junctions and the Seebeck coefficient along the wires. Ideally, 
the Seebeck coefficient would be the same along the whole thermocouple but in 
practice the Seebeck coefficient changes usually where the thermocouple experiences 
the temperature gradient. The temperature gradient experienced by the thermocouple 
during calibration may be very different to those experiences in use. Moreover, the 
Seebeck coefficient can be altered by thermal, mechanical and chemical deterioration. 
This becomes a significant source of uncertainty. Therefore, assessing the 
thermocouple inhomogeneity is important for high accurate thermocouple 
calibrations. Methods for measuring thermocouple inhomogeneity can be classified 
into two categories: the immersion test and the heat scan test.
3.5.1 The immersion test
The most common way to measure thermocouple inhomogeneity is to perform an 
immersion test by measuring the absolute change in emf when the thermocouple is 
translated through a uniform temperature region. This can be proceed by a uniform 
liquid bath [81], a pressure control heat pipe [89] or even the fixed point [39]. In the 
latter method the inhomogeneity effect is evaluated by withdrawing (a few cm) the 
thermocouple from the bottom of a fixed point cell during a fi*eeze [47] . The general 
limitation of the immersion test is that the uniformity length of heat source equipment 
is limited and so it is impossible to evaluate thermoelectric inhomogeneity over the 
complete length of the thermocouples.
Fig.3.11 shows a system of the inhomogeneity test by immersion in a uniform 
temperature bath. A sophistication of the immersion test is that the reference
thermometer e.g. the platinum resistance thermometer or thermocouple may be 
attached to the test thermocouple at the same immersion to monitor the temperature 
along the immersion range.
Temperature
Figure 3.11 Schematic diagram of the measuring equipment for inhomogeneity 
measurement: immersion test.
Now inhomogeneity is determined as follows. The thermocouple emf, E, is measured 
as a function of immersion length. See Fig 3.12. The temperature of the heat source 
during test will be converted to the reference Qmf, Eref [34]. Fig.3.12 shows the result 
of immersion test of the type R thermocouple in oil bath at 190 °C. The E-Eref at the 
immersion range 0 -80 mm is discarded because of the heat conduction error due to 
improper immersion. The deviation of the thermocouple emf from the reference emf, 
E-Eref, from 100 mm to 400 mm is plotted against the immersion length.
Immersion (mm) E/pV Temp /°C Eref/ pV E-Eref / umV
0 213.0 175.17 1233 -1020450.9
20 456.7 187.72 1338 -880830.7
40 621.0 188.64 1345 -724232.4
60 842.0 189.34 1351 -509069.0
80 916.1 189.76 1355 -18.0
100 1361.1 189.94 1356.1 -5.0
120 1360.6 189.92 1356.0 -4.6
140 1360.3 189.90 1355.8 -4.5
160 1383.5 189.85 1379.4 -4.1
180 1376.0 189.95 1380.2 -4.2
200 1375.9 189.98 1380.5 ^.6
220 1375.4 189.96 1380.3 -5.0
240 1375.5 189.98 1380.5 -5.0
260 1376.0 190.08 1381.4 -5.3
280 1375.4 190.04 1381.0 -5.6
300 1375.0 190.00 1380.7 -5.7
320 1375.3 190.02 1380.9 -5.6
340 1375.8 190.07 1381.3 -5.5
360 1376.2 190.10 1381.5 -5.3
380 1376.2 190.10 1381.5 -5.3
400 1376.2 190.09 1381.5 -5.4
P lot o f  In h om ogen eity  T est S c a n  R esu lts
k -5.0
-5.2
0 50 100 150 200 250 300 350 400 450
Immersion/ mm
Figure 3.12 The immersion scanning test results (worksheet and plot) of the type R 
thermocouple in oil bath at 190°C. The scanning step is 20 mm.
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The evaluation of the inhomogeneity uncertainty from the immersion method results, 
the maximum deviation, A (E-Erej), should be expressed as a percentage of the emf 
generated at the test temperature [33]. Therefore, the uncertainty component due to 
the inhomogeneity can be evaluated from:
% Inhomogeneity -
E
(3.1)
r e f
Note that the inhomogeneity measurement should be made at temperatures low 
enough to limit any annealing drift, but high enough to generate a reasonable 
thermoelectric voltage. It has been shown that the inhomogeneity measured at any test 
temperature can scale to other temperatures as a percentage of the total emf [79].
3.5.2 The heat scan test
Another way to assess the inhomogeneity is the heat scan test. For this method, the 
thermocouple is kept fixed and a ‘point’ heat source is moved along the length of the 
thermocouple. The measurement junction and the reference junction of thermocouple 
are kept at an ice point as shown in Fig.3.13.
Q ?
Holding
^^77?7i777?7777?j777f7??77
Figure 3.13 Schematic diagram of the measuring equipment for inhomogeneity 
measurement by the heat scanning test [90].
When the measurement junction and the reference junction of the thermocouple are 
kept at the same temperature, the output of a perfectly homogeneous thermocouple
70
should be zero. Consequently, any thermocouple emf measured is due to the effect of 
material inhomogeneity. The thermocouple inhomogeneity is measured by translating 
the point heat source, generated using a hot air gun, along the thermocouple when 
both its junctions are placed in an ice point [80, 91, 92]. Two cold air guns are used to 
improve the spatial resolution of a short heating zone.
Fig.3.14 shows the temperature profile of the hot air gun used to evaluate the 
inhomogeneity. The temperature profile of the heat gun was measured using a special 
reference type R thermocouple. This measurement will be detailed in Chapter 4, 
Section 4.5.2.
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Figure 3.14 The temperature profile of the hot air gun used to evaluate the 
inhomogeneity. The test temperature is determined by using the full width at half 
maximum of the peak at -20  mm, the temperature is approximately 185 °C.
The result as the function of position of the emf from heat scanning along a type R 
thermocouple is shown in Fig. 3.15. A distribution of the thermocouple emf along the 
length in the heat scan test shows that the given emf arises from the inhomogeneity. 
The inhomogeneity can be estimated from the maximum deviation of emf that occurs 
along the wire to the heat gun temperature by a relative percentage as equation (3.1) 
[39]. This method was used to investigate the change of Seebeck coefficient along 
the thermocouple wire in ref. [90, 92] .
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Figure 3.15 Homogeneity profiles of a type R thermocouple using the point heat 
source scanning method. The thermoelectric signature is highest at 0.45-0.5m caused 
by the temperature aging at 1300 °C for 400 h with immersion in the furnace of the 
length 0.5 m [39].
3.6 Thermal simulation program
This section describes the background of the thermal simulation method used for 
investigating the thermal characteristics of a mini fixed point for self-validating 
thermocouple applications in Chapter 5 and 6. There are several factors which affect 
the performance of the self-validating fixed point cell for example the quality of 
thermal contact between the thermocouple with the solid/liquid interface, material 
selection, and the temperature gradient throughout the device. Therefore, the thermal 
simulation supports the research study through helping to optimise the device design 
and improving the measurement conditions. The heat transfer module in Comsol 
Multiphysics software will be introduced.
3.6.1 Comsol IVlultiphysics
Comsol multiphysics program is a finite element analysis simulation software which 
can find the approximate solution of partial differential equation problems with 
complex geometry and boundary conditions. This simulation program allows the 
implementation of common arbitrary differential equations for many physics and 
engineering applications such as heat transfer, mechanics and acoustics [93].
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Finite Element Analysis (FEA) is one of the numerical methods used to solve the 
complex problems. The FEA concept breaks a complex problem into a finite number 
of simple problem points called nodes. To solve the problem, FEA uses a fixed 
number of nodes to define the boundary grids called meshes then it applies the 
problem’s boundary conditions. The finer the mesh, the closer to the geometry of the 
structure giving better results but this must use the more computational time. 
Therefore, there is a compromise between the quality of the analysis and the mesh 
size [94]. The procedure flow chart of the Comsol Multiphysics used to generate the 
simulation is given in Fig.3.16.
COMSOL Multiphysics’
COMSOL Hultiphysies simulation software environmentTacililales all steps 
aeling process -  defining your geometry, meshing, spetifipng your 
.otving. and then visualizing your results.
Model set-up is quick, thanks to a number of predefined ptiyslts interfaces for 
applications ranging from fluid flow and heat transfer to structural mechanics 
and electromagnetic analyses. Material properties, source terms and boundary 
conditions can all be arbitrary fljncbons of the dependent variables.
Predefined muffiphyslcs-application templates solve marry eommor» problem 
types. You also have the option of choosing different physics and defining the 
interdependencies yourself, Oryou can specify your ownpartial differential 
equations (PDEs) and link them w«h other equations and physics.
corrtuctcwgace: To fvevert Ow flsfa trom mtfvrg. •» c pacttd ffrc^ qh a cooing 
duct « the btade Tl»ftcvdiV3t*iT*>e»Mur«pr«4ert; rtrwic* tisriificart str«i«. 
Shown it the tenper itvre dMrtvtom throrqhni tr* 6b«. »t wd «  the von «ces 
slrettet h boCft weut,
1 . S p e c ify  g e o m e t r y
2 . E x tern a l h e a t  
in te r a c t io n s
3 .  In tern a l m a te r ia l  
p r o p e r t ie s
4 , D is c r e te  m e s h /  
S o lv in g
5 . D a ta  v isu a liz a t io n
6 . U s e r  A n a ly s is
7 .  O th e r  p r o g r a m s  
i .e .  E xce l, O rig in
S ta r t
NoG o o d
S o lu t io n ?
Yes
E xp ort d a ta
S to p
M e sh  m o d e
D ra w  m o d e
B o u n d a r y
m o d e
S u b -d o m a in
m o d e
P o s t  p r o c e s s  
m o d e
Figure 3.16 The Comsol Multiphysics program and the flow chart showing the 
procedure used to generate thermal simulations [93].
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3.6.2 Heat Transfer Module
To model the fixed point cell characteristics, the heat conduction equation in Heat 
transfer module in the Comsol program was used. When using the heat transfer 
module, the heat transfer equation is selected. The direction of heat will be transfer in
f  .the direction of decreasing temperature and the temperature gradient is the
\ d x j
driving force for heat transfer. The general heat transfer mode in Comsol multiphysics 
uses the application of Fourier’s law of conduction:
dTq i= - k - —  (3.2)
ox^
where q^  is the conductive heat flux ( W/m^) which is proportional to the temperature 
dTgradient ( —  ) and the thermal conductivity of material {k).  The negative sign shows 
dx^
the heat is conducted in the direction of decreasing temperature.
The equation governing the time dependent transient analysis of the conductive heat 
transfer is [95]:
dT dT
+ = G (3.3)
dt dx^
where Q contains heat sources (W/m^), is specific heat capacity at constant 
pressure (J/(kg*K) and p  is density (kg/m^)
Given material properties and boundary conditions (i.e. the defined inward heat flux 
at normal boundary of crucible), this equation can be solved using the finite element 
method in Comsol to evaluate the temperature (7) corresponding to time of the 
studied device at any point in the geometry plane of interest [96].
3.6.3 The modelling of the fixed point meits
This section explains how thermal modelling of material melting plateau. When the 
temperature of a system is close to the melting temperature of the fixed point material, 
the amount of heat required to change body temperature i.e. the heat capacity will 
increase/decrease regarding to phase transition (absorb latent heat or release latent
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heat during melting and freezing respectively). Assuming at nearly phase transition 
temperature, this heat mechanism at the transition temperature can be modelled using 
Gaussian distribution function [96] :
L
V2
(3.4)
Tua
where C* is amount of heat required for the phase transition , L  is the total latent 
heat of fusion for the material, cr is user defined constant and is the material
melting temperature. The probability density function of Gaussian distribution in equation 
(3.4) is shown in Fig.3.17.
1.0
c: =
0.8
0.6
0.4
0.2
0.0
52 3 40 1.3 2 1-4-5
r-T.
Figure 3.17 The Gaussian distribution function used for Comsol modelling the latent heat of 
the phase transition.
The thermal model of the fixed point cell consists of two sub-domains: the fixed point 
material and the graphite crucible. First, the properties of each material sub-domain 
material must be assigned within the program i.e. the material density, the melting 
point, the heat capacity and the latent heat of fusion. Then, the boundary conditions 
are that all crucible are initially at the starting temperature, and the furnace ramping 
up from the staring temperature to the set point which is the offset value above the 
melting temperature. Fig.3.18 shows the visualisation of the Comsol program and 
example simulation results of Comsol heat transfer module program.
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Figure 3.18 The first panel shows the real cell, the second and third panel is the 
Comsol program with axial symmetry sub-domains drawing and its mesh. After 
running program, the forth panel shows the flow of heat into the material ingot during 
the phase transition and the fifth panel shows the temperature distribution with the 
temperature range ± 0.5 K.
On running Comsol program, the outer wall of the graphite crucible heats up first, 
thus then transfers heat to the ingot material until it reaches the ingot melting point 
and then the melt appears. The melting offset temperatures and temperature gradients 
along the fixed point can be set to study the cell melting characteristics. The details 
of numerical expression and solving parameters can be found in the Comsol heat 
transfer module user’s manual [93]. The detailed simulation results applicable to this 
work will be discussed in Chapters 5 and 6.
3.7 Summary
In this chapter, the experimental techniques used in this work were described. The 
construction of standard thermocouples and the instrumentation used for 
thermocouple calibration by fixed point were explained. Furthermore, this chapter 
explained how to evaluate the melting temperature of the fixed point with the 
thermocouple and the associated uncertainty of measurements. Moreover, the 
inhomogeneity test of a thermocouple was explained in both the immersion method 
and the heat scan method. An outline of the features of the Comsol program for 
thermal simulation was also introduced in this chapter.
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Chapter 4 
Comparative study of Pt/Pd and Pt-Rh/ Pt 
thermocouples
4.1 Introduction
In thermocouple thermometry, there is significant interest in the potential of Pt/Pd 
elemental thermocouples to provide a thermoelectrically stable, homogeneous sensor 
for scale dissemination and industrial use. This is because a pure thermoelement 
thermocouple is far more thermoelectrically homogeneous than an alloy thermocouple 
such as Pt-Rh/Pt thermocouple type S, R and B [97]. Hence, pure elemental 
thermocouples such as Pt/Pd and Au/Pt are expected to be better in performance. A  
number of studies of Pt/Pd thermocouples have been published and have 
demonstrated that the stability and homogeneity of the Pt/Pd thermocouples are 
superior to Pt-Rh/Pt thermocouples [26, 27, 41, 97, 98]. However, there has not, thus 
far, been a systematic comparative study of the drift and homogeneity performance of 
Pt/Pd compared to Pt-Rh/Pt thermocouples, this chapter describes such a study. The 
performance of a Pt/Pd and two type R Pt-13%Rh/Pt thermocouples (one 
conventional, one given the same preparatory treatment as the Pt/Pd thermocouple) 
are compared. The preparatory heat treatment of Pt/Pd thermocouples is different to 
regular noble metal thermocouples as described in Chapter 3. This involves 
substantially longer electrical annealing of the thermoelements, followed by a much 
longer >100 hours furnace annealing [29, 44]. It is of significant interest to examine 
the effect of exposing a type R thermocouple to the same heat treatment as the Pt/Pd 
thermocouple, and to examine whether the performance of type R thermocouples 
could be improved by such additional processing.
The reproducibility of the three thermocouples under test are compared at intervals 
over a period of 500 hours, after exposure to 1350 °C, using Ag (961.78 °C) and Co-
77
C(1324 °C) fixed points. In addition, the detailed homogeneity profile of all three 
thermocouples was measured, including its evolution over time. The chapter is 
arranged as follows. First, the technical construction of the thermocouples is 
described. Then the comparative measurement process is detailed, and finally the 
measurement results of the stability and homogeneity are presented and discussed.
4.2 Preparation of thermocouples
The preparation of the three thermocouples studied is described in this section . The 
preparation of one Pt/Pd thermocouple and the two Pt-Rh/Pt (type R) thermocouples, 
one conventional (normal type R) and one which is given the same preparatory 
treatment as Pt/Pd (special type R), is described in the following sections 4.2.1 and 
4.2.2. More detailed considerations of thermocouple construction and the annealing 
process are described in Chapter 3, Section 3.4. The preparation of the wires followed 
the prescription contained in [27, 29, 44].
4.2.1 Pt/Pd thermocouple
The Pt/Pd thermocouple (reference number NPL-PtPd04/09) was constructed using 
high purity metal wires of 0.5 mm diameter and 2000 mm length. The purities of the 
Pt and Pd wires were 99.997% and 99.97% respectively. The thermoelements were 
initially cleaned with ethyl alcohol and then distilled water. Then, the thermoelements 
were annealed electrically in air to remove strain and to oxidize impurities as follow 
[29, 44]:
• The Pd wire was annealed electrically for 9.5 h at approximately 1300 °C and 
then 0.5 h at 450 °C before cooling to ambient temperature by switching off 
the current.
• The Pt wire was annealed electrically for 9 h at the same temperature, 
followed by 0.5 h at 750 °C and then 0.5 h at 450 °C before cooling to ambient 
temperature by switching off the electrical current.
For more details of the electrical annealing, see Chapter 3, Section 3.4. The wires 
were then inserted into a twin-bore re-crystallised alumina insulator tube (AI2 O3 , 
99.7% purity, outer diameter 4 mm, inner diameter 1.2 mm, and length 710 mm). This 
was pre-cleaned by baking at 1500 °C, in air, for 24 h. A twin bore alumina tube with
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large inner bore diameter 1.2 mm was used to allow the 0.5 mm diameter wires to 
expand and to locate the U shape measurement junction. The measurement junction of 
the Pt/Pd thermocouple was prepared by bending the Pt thermoelement into a U- 
shape, and then the two thermoelements were welded directly to each other [96, 99]. 
The junction was then drawn approximately 10 mm into the bore containing the Pd 
thermoelement. Fig.4.1 shows a schematic diagram of the Pt/Pd measurement 
junction with its U-shape and overall construction.
Measurement 
Junction Pd wire
Twin bore alumina tube
Cu wire
Reference
Junction
% K 4-:—  Glass tube
Figure 4.1 Schematic diagram of the Pt/Pd thermocouple assembly.
The thermoelements emerging from the alumina insulator were insulated with flexible 
Teflon tubes and connected to a pair of Cu wires of diameter 0.3 mm and then to 
avoid the wire shorting the glass tubes were used before immersion into an ice point 
to form the reference junction. To remove physical defects (e.g. strain) introduced by 
cold working during assembly and to saturate of the Pd wire with oxygen, the Pt/Pd 
thermocouple 1000 mm from the measurement junction was annealed at 1100 °C in a 
horizontal furnace for 150 h [29]. Then the thermocouple was inserted into a closed 
end alumina protection tube (outer diameter 7 mm, inner diameter 5 mm, length 700 
mm), which was pre-eleaned in the same way of the twin-bore insulator.
4.2.2 Pt-Rh/Pt thermocouples
Two type R thermocouples (reference numbers NPL-03/09, NPL-04/09) were 
prepared using different methods to perform the comparative measurements against 
the Pt/Pd thermocouple.
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4.2.2.1 Normal type R thermocouple
The type R thermocouple NPL-03/09 was fabricated using wires of diameter 0.5 mm, 
length 2000 mm, with the following procedure:
• the Pt wire was annealed electrically in air for 0.5 h at approximately 1100 °C 
and
• the Pt alloy (Pt-13%Rh) wire was annealed electrically at 1450 °C for 0.5 h 
before cooling to ambient temperature by switching off the current.
All alumina components were of the same specification, had the same dimensions 
and were heat treated in the same way as those used for the Pt/Pd thermocouples. The 
wires were inserted into the alumina insulator tube and the measurement junction 
formed by directly welding the two thermoelement together as shown in Fig.4.2. The 
wires from the measuring junction 1000 mm of the thermocouple was annealed at 
1100 °C, in a horizontal furnace, for a further 1 h. The thermoelements emerging from 
the alumina insulator were insulated with flexible Teflon tubes and connected to a 
pair of Cu wires of diameter 0.3 mm to form the reference junction in the same way as 
the Pt/Pd thermocouple.
Measurement Twin bore alumina tube
Junction R-13%Rh wire |
Pt wire
Figure 4.2 Schematic diagram of the measurement junction of the type R
thermocouple.
4.2.2.2 Special type R Thermocouple
In order to attempt to improve the performance of the type R thermocouple, a special 
type R thermocouple, reference number NPL-04/09, was constructed in the same way 
as for the normal type R in Section 4.2.2.1. However the wires and constructed 
thermocouple were subjected to the same long heat treatment procedure as for the 
Pt/Pd thermocouple in Section 4.2.1, except that the electrical annealed temperature of 
the Pt and Pt/Rh alloy were 1100 °C and 1450°C, respectively.
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4.3 Measurement method
The drift of the thermocouples when exposed at high temperature was studied. The 
ageing temperature for this study was 1350 °C. The total ageing time study was 500 h. 
At the beginning of the study, the output of the three new thermocouples was 
measured at the freezing point of Ag (961.78 °C) and melting point of the Co-C (1324 
°C) eutectic fixed point before ageing, then every 100 h during the ageing process. 
The thermocouple output was measured by a calibrated nanovoltmeter. The reference 
junction was kept at 0 °C in an ice bath. The inhomogeneity was periodically 
evaluated by an immersion test at the Ag fixed point cell. After the measurement at 
the Co-C cell, the inhomogeneity measurement by heat scan method, as described in 
Chapter 3, Section 3.5.2, was performed. The study procedure is summarised as 
follows:
(1) The outputs of the three thermocouples were measured at the Ag freezing 
point.
(2) The inhomogeneity effect of each thermocouple was evaluated by the 
immersion test method by gradually withdrawing the thermocouple from the 
Ag fixed point when it was freezing.
(3) The outputs of the three thermocouples were measured at the Co-C eutectic 
fixed point.
(4) The inhomogeneity effect was then evaluated again by using the heat scan 
method explained in Chapter 3, Section 3.5.2.
(5) The three thermocouples were exposed in a horizontal furnace at temperature 
1350 °C for 100 h.
(6 ) Then steps (1) to (5) were repeated until the ageing time is totally 500h.
The ageing temperature was applied by using a horizontal single-zone tube furnace. 
The furnace temperature profile and the position of the thermocouples in the furnace 
during ageing are shown in Fig.4.3. When the thermocouples were in the furnace, the 
most significant part of the temperature gradient along the thermocouples was located 
at around 35-45 cm from the thermocouple measurement junction. Fig.4.4 gives the 
photograph of the measurement set up during the stability measurement at the Ag 
fixed point cell.
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Figure 4.3 The temperature profile of the ageing furnace showing the highest 
temperature gradient was located between 35-45 cm from the measurement junction 
of the thermocouples, (during ageing as shown in this figure, thermocouples were 
immersed into furnace by about 50 cm)
Therm ocouple
The reference  junction
Ag Furnace
Figure 4.4 Photographs of the measurement set up during the stability measurement at 
the Ag fixed point.
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4.4 Stability measurement
The output of the three new thermocouples was measured at the freezing point of Ag 
and melting point of the Co-C eutectic fixed point and then every 100 h during the 
ageing process. The total ageing time study is 500 h.
4.4.1 Stability measurement at the Ag freezing point
The thermocouple calibration set up and the outline calibration techniques were 
described in Chapter 3, Section 3.4. For the pure metal like Ag the temperature of the 
fixed point is realized by the freezing plateau. The standard Ag cell installed in the 
three-zone furnace was gradually heated up to a few degrees Celsius below the 
melting temperature. Whilst preparing of the Ag freezing point for the stability 
measurement, a known standard type R reference thermocouple was used to monitor 
the temperature of the cell inside the furnace. To initiate the melting, the furnace was 
raised 15 °C above the melting point of Ag. Then the melting plateau was observed by 
the reference thermocouple. After the Ag was completely melted, the furnace was 
cooled to the few degrees Celsius below the freezing point. Once the cell temperature 
was close to the melting plateau data observed previously, the reference standard 
thermocouple was removed and the cold thermocouple under test was gently inserted 
to initiate uniform nucléation around the thermometer re-entrant well. Then 
recalescence and subsequent flat freezing plateau were observed. The freezing plateau 
of the Ag fixed point prepared with the technique developed at NPL can remain flat 
for more than 4 h. Fig.4.5 shows the melting and freezing plateau of the Ag fixed 
point measured by type R thermocouples.
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Figure 4.5 The melting and freezing plateau of the Ag fixed point measured by the 
type R thermocouples.
Every aging lOOh, the Pt/Pd thermocouple and the two Pt-Rh/Pt (type R) 
thermocouples, one conventional {normal type R) and one which was given same 
preparatory treatment as Pt/Pd {special type R) were measured at the freezing point of 
Ag. The measurement results are taken during the freeze after the thermocouple was 
thermally equilibrium inside the Ag fixed point about 30 minutes. The thermocouple 
output at the freezing point of Ag was evaluated by calculating an average of 20 
readings. The standard deviation of the emf measured at the Ag freezing point was 
within 0.1 pV. After that the thermocouple inhomogeneity was measured by slowly 
stepping the thermocouple out of the thermometer well. The inhomogeneity 
measurement and results at the Ag fixed point will be discussed in section 4.5.
4.4.1.1 Stability results at the Ag freezing point: the Pt/Pd thermocouple
The results of the stability measurement of the Pt/Pd thermocouple, as measured at the 
freezing point of Ag, are shown in Fig. 4.6. After the first ageing step of 100 h, a 
maximum increase in the emf of about 1 pV (52 mK) was observed. The emf values 
of the Pt/Pd thermocouple at the Ag freezing point increase then stable after 100 h. 
Since the oxidation usually occurred at Pd wire. This causes a decrease in its
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thermopower of the Pd wires (negative leg). Therefore, from equation (2.23) in 
Chapter 2, the net thermocouple Seebeck coefficient and subsequent thermocouple 
outputs increase until the Pd is saturated with oxygen. During further ageing, from 
200 h to 500 h, the Pt/Pd thermocouple was stable within 0.5 pV (26 mK). These 
stability results are consistent with those reported by Bums and Ripple in [97]. Note 
that the measurement junction of the Pt/Pd in [97] was constmeted using a fragile 
strain relieving coil whereas the measurement junction of the Pt/Pd thermocouple in 
this work was constmeted by the robust U-shape measurement junction. It is clear that 
removal of the strain relief coil and direct welding of the measurement junction has no 
detrimental effect on the performance of the Pt/Pd thermocouple.
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Figure 4.6 The thermoelectric stability of the Pt/Pd thermocouple at the freezing point 
of Ag, as a function of ageing time at 1350 °C, for with overall measurement 
uncertainty (&=1 ).
4.4.1.2 Stability results at the Ag freezing point: type R thermocouples
The stability of the type R thermocouples at the freezing point of Ag is presented in 
Fig. 4.7. After the first ageing step of 100 h, both the normal type R NPL-03/09 and
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the special type R NPL-04/09 exhibit a decrease of emf of about 5 jaV (385 mK) and 2 
|LiV (154 mK) respectively. During further ageing, from 200 h to 500 h, the emf 
outputs decrease for both thermocouples. This is because of the oxidation of Rh in the 
Rh alloy wire (positive leg) causing a decrease in its thermopower. Thus, the 
thermocouple output shows downward drift. During the measurement period, both 
thermocouples exhibit a further drift of about 2 p V  (154 mK).
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Figure 4.7 Thermoelectric stability at the freezing point of Ag as a function of ageing 
time at 1350 °C, for the type R thermocouples , one conventional {normal type R) and 
one which is given same preparatory treatment as Pt/Pd {special type R), with 
measurement uncertainty {k^ 1 ).
4.4.2 Stability measurement at the Co-C melting point
After aging for lOOh at 1350 °C, the stability of the emf outputs of the Pt/Pd 
thermocouple and the two Pt-Rh/Pt (type R) thermocouples was measured at the Ag 
freezing point (Section 4.4.1), and then at the Co-C eutectic fixed point (1324 °C) 
described here. The temperature of the eutectic fixed point is realized by using its 
melting curve. The thermocouple calibration set up, the preparation of the Co-C 
eutectic fixed point and the realization of the melting curve were described in Chapter
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3, Section 3.4.2. The Pt/Pd thermocouple was inserted into the Co-C cell when 
temperature above 1000 °C to avoid the drifting problem due to the reasonable 
oxidation of Pd in the temperature range 600-800 °C [97]. Fig.4.8 shows a typical 
melt and freeze curve of a Co-C eutectic measured by the Pt/Pd thermocouple. The 
thermocouple emf value at the inflection point of the melting curve is used to evaluate 
the stability of the thermocouples at the Co-C eutectic.
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Figure 4.8 Typical melting and freezing curve of a Co-C eutectic measured by the 
Pt/Pd thermocouple. A typical measurement curves at the Co-C for thermocouple type 
R was described in Chapter 3, Section 3.4.2.
4.4.2.1 Stability results at the Co-C melting point for the Pt/Pd thermocouple
The stability of the Pt/Pd thermocouple measured at the melting point of Co-C is 
shown in Fig.4.9. The emf values of the Pt/Pd thermocouple at the Co-C melting point 
drifted upward before getting stable in the same way as the stability measurements at 
the Ag freezing point. After the first ageing step of 100 h, a drift in the emf of about 
1.5 pV (64 mK) was observed. During further ageing, from 200 h to 500 h, the Pt/Pd 
thermocouple retained its stability within about 0.8 pV (34 mK). This data showed 
that the stability of this Pt/Pd thermocouple at the Co-C eutectic fixed point is 
comparable to that of other Pt/Pd thermocouples e.g. reported by Edler, Morice and 
Pearce in [27].
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Figure 4.9 The thermoelectric stability of the Pt/Pd thermocouple at the melting point 
of Co-C as a function of ageing time at 1350 °C, with measurement uncertainty (A=l).
4.4.2.2 Stability results at Co-C melting point for the type R thermocouples
The stability of the type R thermocouples at the melting temperature of the Co-C 
eutectic is presented in Fig.4.10. The emf values at the point of inflection of the 
melting plateau of the Co-C are evaluated. After the first ageing step of 100 h, the 
normal type R (NPL-03/09) and the special type R (NPL-04/09) exhibit a decrease of 
emf of about 10 pV (714 mK) and 4 pV (286 mK) respectively. During further 
ageing, from 200 h to 500 h, the normal type R drifted about 3 pV (214 mK) and the 
special type R drifted about 2 pV (143 mK). The emf values of both type R 
thermocouples at the Co-C melting point exhibits a decrease the same as in the Ag 
fixed point. However, the special type R shows more stable results than the normal 
typcR.
14980-1
1 4 9 7 8 -
'zL 1 4 9 7 6 -
o -
o 1 4 9 7 4 -
Ü
o 1 4 9 7 2 -
c
o
CL 1 4 9 7 0 -
03
c -
-1—» 1 4 9 6 8 -
E -
ro 1 4 9 6 6 -
E -
Q) 1 4 9 6 4 -
1 4 9 6 2 -
Type R
Special Type R
/T
200 mK
^ (b)
100 200 300
Ageing time /  h
400 500
Figure 4.10 The thermoelectric stability of the both type R thermocouple at the 
melting point of Co-C as a function of ageing time at 1350 °C with measurement 
uncertainty (^=1 ).
4.4.3 Summary of the stability study
The emf values of three thermocouples at the freezing point of Ag and the melting 
point of Co-C eutectic are evaluated by considering the deviation {E-Erej) of measured 
emf (E) to the emf obtained from the standard reference function (Erej) [34]. This is to 
normalise the data so they can compare on the same scale. The measured 
thermocouple emf value at the freezing point of Ag was subtracted by the 
thermocouple reference value at this temperature for the type R =14967 pV) and 
for the Pt/Pd =10817 pV). In the same way, the measured thermocouple emf 
values at the melting point of Co-C was subtracted by the thermocouple reference 
value at this temperature for the type R (Eref =14967 pV) and for the Pt/Pd (Ere/ 
=18859 pV). Then the sensitivity of each thermocouple type is used to convert emf 
terms into the temperature terms. The sensitivity coefficients of each thermocouple at 
Co-C and Ag are presented in Table 4.1.
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Fixed point : Ag Co-C
Temperature 961.78 °C 1324 °C
Thermocouple Type R Pt/Pd Type R Pt/Pd
Sensitivity coefficient (pV/°C) 13 19 14 22
Table 4.1 Summary of sensitivity coefficients of the thermocouples at the fixed
points of Ag and Co-C [34].
Fig.4.11 shows a summary, in temperature terms, of the stability of the three 
thermocouples at the Ag fixed point. The stability measurements indicate that after 
the initial ageing period of 1 0 0  h the output of all the thermocouples becomes more 
stable than when new. However, it is clear that the Pt/Pd thermocouple was 
substantially more stable than the type R thermocouples, with the latter exhibiting 
continual, regular, decline in emf output during ageing.
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Figure 4.11 Summary of the drift, in temperature terms, of all three thermocouples at 
Ag fixed point and, as a function of ageing time with measurement uncertainty (A=l).
These measurement results were repeated at the Co-C point, which are shown in 
Fig.4.12. Again, after the initial ageing period of 100 h the change in the output of the
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thermocouples deelined markedly. The special type R thermocouple appeared to be a 
factor of two more stable than the normal type R.
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Figure 4.12 Summary of the drift, in temperature terms, of all three thermocouples at 
Co-C fixed point, as a function of ageing time with measurement uncertainty {h=\).
At both fixed points, the emf outputs of both type R thermocouples exhibit a 
systematic downward trend as a function of ageing time, whereas the Pt/Pd 
thermocouple is completely stable within the measurement uncertainty.
4.5 Inhomogeneity measurement
Thermocouple inhomogeneity is the most significant source of uncertainty in 
thermocouple calibration (and performance). A detailed inhomogeneity of the three 
thermocouples was investigated in relation to the ageing process. The inhomogeneity 
measurements were performed in two ways: the immersion method and the heat scan 
method described in Chapter 3, Section 3.5.
4.5.1 Immersion measurements at the freezing point of Ag
The output of each thermocouple was measured by measuring the emf deviation 
(AF^ max) when the measurement junction is raised in 2  cm steps to 1 2  cm above the
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bottom of the thermometer well of the Ag fixed point during the freezing plateau, 
where the temperature along the cell is uniform. Fig.4.13 shows a schematic diagram 
of the temperature profile in the Ag fixed point cell apparatus.
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Figure 4.13 A schematic diagram of the temperature profile obtained in the Ag fixed 
point cell apparatus.
Fig.4.14 shows an example of the immersion scan measurement results of the type R 
thermocouple. The maximum deviation of emf difference 12 cm from the emf at the 
bottom of the cell is taken to represent the inhomogeneity values.
From the immersion test, the maximum deviation thermocouple output of the Pt/Pd 
thermocouple and the two Pt-Rh/Pt (type R) thermocouples in temperature terms is 
summarised in Fig.4.15. Of particular note is the fact that the Pt/Pd thermocouple and 
the special type R thermocouple give a maximum output variation of about 120 mK 
over the ageing 400 h, while the maximum output variation of normal type R is higher 
by a factor of two. At 500 h ageing all three thermocouples tends to converge to a 
value in the range of 90-110 mK.
The maximum deviation of the thermocouple emf over the immersion range 0-12 cm 
was evaluated as the relative percentage to the test temperature (freezing point of Ag,
961.78 °C). The calculated values using equation (3.1) in Chapter 3 of the
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thermocouple inhomogeneity in terms of percentage are shown in section 4.5.2, Table
4.2.
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Figure 4.14 The immersion scan measurement results of the normal type R 
thermocouple after 100 h ageing. The measurement junction is raised in 2 cm steps to 
12 cm above the bottom of the Ag fixed point cell during the freezing plateau.
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Figure 4.15 Maximum output changes, in temperature terms, during immersion scan 
measurements at the freezing point of Ag, for all three thermocouples.
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Because of the limitation of the immersion test due to the immersion length in the Ag 
cell, the homogeneity profile of each thermocouple was performed again by using the 
heat scan method i.e. moving temperature gradient. The detail of this method was 
deseribed in Chapter 3, Section 3.5.2. The output of inhomogeneous thermocouple 
was detected by the heat scan test whilst both measurement and referenee junctions 
were kept at the same temperature. A heat gun was used to produce the point source 
of heat. The measurement and reference junctions were both placed in a Fluke 9101 
automatie ice point. The experimental setup of the heat scan test is shown in Fig.4.16.
^  Automatic Ice Point
' Measurement Heat gun
^  Junction
Reference
Junction
Thermocouple
i
Figure 4.16 The experimental setup for the heat scan measurements to evaluate the 
thermocouple inhomogeneity.
The temperature profile of the heat gun was evaluated. A special thermocouple, which 
had its measurement junction located half way, was used to evaluate the resolution 
and temperature of the heat gun. The hot air gun was automatieally seanned through 
the measurement junction to generate the temperature distribution profile. The 
reference junction was maintained at the ice point. Fig.4.17 shows the measurement 
set up for checking the temperature profile of the heat gun. The temperature profiles 
obtained from the heat gun is shown in Fig.4.18. The full width at half maximum of 
peak ~20 mm with peak temperature -185 °C is used as the evaluation temperature.
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Figure 4.17 The measurement set up for checking temperature profile of the heat gun.
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Figure 4.18 Schematic diagram of the temperature profile obtained from the heat gun 
in set up Fig. 4.17 with the temperature profile of the heat gun showing the 
temperature resolution of heat source.
After evaluating the performance of the apparatus, the thermocouple inhomogeneity 
profile was measured by the heat scan every 100 h during the ageing procedure. The 
chief advantage of this method is that it allows a qualitative visualisation of the 
homogeneity profile along the length of the thermocouple. Homogeneity profiles 
using moving temperature gradient (heat scan) method of the Pt/Pd thermocouple,
95
Special type R thermocouple and normal type R thermocouple is presented in 
Fig.4.19.
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Figure 4.19 Homogeneity profiles using moving temperature gradient method. Each 
trace represents the profile after a different ageing time [39]: a) Pt/Pd thermoeouple, 
b) special type R thermocouple, c) normal type R thermocouple.
From the heat scan results, the Pt/Pd thermocouple shows very little change in its 
homogeneity profile throughout the ageing sequence, while both type R
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thermocouples exhibit continuing changes to their homogeneity profile. The 
inhomogeneity value was evaluated using the maximum deviation of detected emf 
output shown in Fig.4.19 as the relative percentage to the test temperature (-185 °C) 
using equation (3.1). The Summary of thermocouple inhomogeneity results firom the 
immersion method and the heat scan method are summarised in Table 4.2.
Descriptions Inhomogeneity (%)
Method
(Scan range, Temp.)
Immersion test at Ag cell
(0-120 mm, 961.78°C)
Heat scan test
( 200-600 mm, 185°C)
Test Thermocouple Pt/Pd SpecialR R Pt/Pd
Special
R R
Oh 0.01 0.02 0.02 0.04 0.03 0.01
lOOh 0.01 0.02 0.02 0.05 0.07 0.10
200h 0.01 0.02 0.02 0.05 0.11 0.10
300h 0.02 0.02 0.02 0.05 0.07 0.15
400h 0.01 0.02 0.02 0.05 0.10 0.15
500h 0.02 0.01 0.01 0.04 0.07 0.14
Table 4.2 Summary of thermocouple inhomogeneity results.
Considering the inhomogeneity results from the immersion test at the Ag fixed point 
(Section 4.5.1), the values calculated in as the percentage of the test temperature, for 
the three thermocouples, are comparable, taking the values of between 0.01% and 
0.02%. Note that this value is the same as the suggested typical variation in emf due 
to inhomogeneity for a new, unused platinum-based thermocouple [33, 79]. It is clear 
that the uniform temperature zone of the Ag fixed point is too short (12 cm) for a 
complete characterisation of the inhomogeneity after ageing. The better 
inhomogeneity results firom the immersion test could be obtained by using a long 
uniform heat source i.e. the special oil bath and heat pipe for the immersion test.
For the heat scan results, the Pt/Pd remains considerably more homogeneous than two 
type R thermocouples, within about 0.05%. With regards to the inhomogeneity profile 
shown in Fig. 4.19 there appears to be significant difference in the behaviour of the 
special and normal type R  thermocouples. According to the calculated values shown
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in Table 4.2, it is seen that after 500 h ageing the inhomogeneity of special type R  is 
0.07% whereas normal type R is about 0.14%, which is double.
It can be concluded from this study that the Pt/Pd thermocouple shows substantially 
better stability and homogeneity performance than the two type R thermocouples. 
Although, this was a small sample of thermocouples, these findings demonstrate the 
superior performance of Pt/Pd thermocouples when compared to the alloy noble metal 
type thermocouples. It is clear that they are eminently suitable for use as a reference 
standard thermocouple.
4.6 Measurement uncertainty
The detail of the uncertainty analysis is described in Chapter 3, Section 3.4.3. The 
uncertainty contributions, and combined uncertainty, of the thermocouple 
measurements at the fixed points of Ag and Co-C are summarised in Table 4.3.
The statistical standard uncertainty is taken from the standard deviation of the melts 
for Co-C and freezes for Ag. The ingot impurity is associated with the effect of 
variation of the fixed point temperature due to Co and Ag powder purity. The heat 
flux measurement of the fixed point is taken from variation fixed point temperature 
due to the furnace offsets. The inhomogeneity is taken from maximum data in Table
4.2. The plateau determination is the variation of the calculated inflection point. 
Voltmeter calibration and spurious emf is taken from the calibration certificate and 
the background emf after short circuit respectively. The ice-point uncertainty is taken 
from the temperature stability of the mixture of ice and water. All uncertainty 
contributions are converted to the standard uncertainty in usual way [87].
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Fixed point : Co-C Ag
Uncertainty Contributions T y p eR Pt/Pd T y p eR Pt/Pd
Type A
Statistical standard uncertainty /pV 0.10 0.10 0.10 0.10
TypeB
Ingot impurity /pV 0.16 0.27 0.08 0.11
Heat flux/pV 0.16 0.27 0.15 0.22
Immersion, inhomogeneity/pV 0.96 1.29 0.64 0.75
Plateau determination /pV 0.58 0.58 0.29 0.29
Voltmeter calibration /pV 0.29 0.29 0.29 0.29
Spurious emf /pV 0.29 0.29 0.29 0.29
Ice-point uncertainty /pV 0.31 0.31 0.31 0.31
Combined uncertainty /pV 1.25 1.56 0.89 0.99
Temperature equivalent /m K 90 70 70 55
Table 4.3 Summary of uncertainty contributions and the combined uncertainty {k =1) 
of the measurement of the thermocouples at fixed points of Ag and Co-C.
4.7 Summary
In this chapter, a Pt/Pd thermocouple, a special type R thermocouple which was given 
the same preparatory treatment as the Pt/Pd thermocouple, and a conventional normal 
type R  thermocouple, were constructed for a comparative study of their thermoelectric 
stability and homogeneity at regular intervals during a 500 h ageing programme at 
1350 °C. The stability was measured every 100 h at the Ag freezing and Co-C melting 
fixed points. The thermoelectric homogeneity was measured by immersion 
measurements at the Ag fixed point and by the moving temperature gradient method. 
It is clear that if  a detailed evaluation of inhomogeneity is required, the Ag immersion 
method should be used with caution because this method only measured the 
inhomogeneity effect over a very limited immersion range. A deeper uniform 
temperature source is required for the better inhomogeneity investigation by the 
immersion method. The moving temperature gradient method increases scanning 
range over the long thermocouples. In order to estimate the effect of inhomogeneity at 
a certain temperature by the heat scan method, the temperature profile of the heat gun 
has to be measured.
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In conclusion, the Pt/Pd thermocouple shows substantially better stability and 
homogeneity performance than the two type R thermocouples. These findings 
demonstrate the superior performance of Pt/Pd thermocouples when compared 
directly to the alloy type noble metal thermocouples. Pt/Pd thermocouples are shown 
to be eminently suitable for use as reference standard thermocouple. The special type 
R thermocouple, which was given the same preparatory treatment as the Pt/Pd 
thermocouple, showed better stability and homogeneity than the normal type R 
thermocouple. In addition, it has been shown for the first time that the removal of the 
strain relief coil and direct welding of the measurement junction has no detrimental 
effect on the performance of the Pt/Pd thermocouple.
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Chapter 5 
Self-calibrating thermocouples based on 
integrated miniature high temperature fixed 
points
5.1 Introduction
The reason for developing of self-calibration methods in temperature measurement is 
to improve process control in an industrial setting. This subsequent chapter is to 
develop robust metrological capability for monitoring the stability of thermocouples 
in-situ.
In this chapter, a self-calibrating type R thermocouple using a series of miniature high 
temperature fixed points in a graphite crucible integrated with the thermocouple 
measurement junction is described. This is the first time this method has been applied 
using high temperature fixed points following the initial work at lower temperatures 
of Tischler and Koremblit [59]. This method is known as the "'integrated c e ir  method 
because the fixed point cells are integrated with, and indeed form, the measurement 
junction of the thermocouple. In this study, a range of fixed points was studied for 
temperatures firom about 1100 °C to 1500 °C by employing metal-carbon eutectic 
fixed points, which have had a great impact in the field of temperature metrology [16, 
18,23,26, 28,29,100].
Four fixed point materials are investigated; one pure material, Ag (961.78 °C), for 
preliminary investigations, then the following three high temperature fixed points 
based on metal-carbon eutectic alloys were studied, Co-C (1324 °C), Fe-C (1153 °C) 
and Pd-C (1492 °C). The study using Ag and Co-C cells showed that there was a 
significant influence of the thermal gradient within the furnace so the length of the
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cell was halved (for the second generation Co-C cell and the Fe-C and Pd-C cells) to 
reduce the temperature gradient along the cell.
These investigations are reported in this chapter. Firstly, the fabrication of the self- 
calibrating thermocouple will be described, including crucible design, material 
preparation and integration with the thermocouple measurement junction. Secondly, 
some thermal modelling was performed to investigate the influence of the furnace 
melting offsets and temperature gradients. Thirdly, repeatability measurements will be 
described, including an evaluation of self-calibration values with an emphasis on the 
correlation between indicated transition temperature and the furnace environment. 
Finally, the measurement results with their associated uncertainty will be discussed.
5.2 Fabrication of the seif-calibrating thermocouple
In this section the design and construction of the mini-cells will be described followed 
by their integration with the type R thermocouple measurement junction.
5.2.1 Fabrication of mini cells
The crucibles were constructed from 99.999% pure graphite manufactured by SGL 
Group in Germany. Two different designs were employed; a full-length cell and a 
half-length cell, denoted "full-size’ and "half-size’ respectively. With the initial design 
full-length cell, the fixed point materials selected were silver (Ag, melting point
961.78 °C) and cobalt-carbon eutectic (Co-C, melting point 1324 °C). For Co-C, the 
Co-C cells of two lengths were used to investigate the influence of the furnace 
thermal gradient. After the successful outcome of the studies with the Co-C full- 
length and half-length cell [101, 102], the two of half-size eutectic cells of iron- 
carbon (Fe-C, melting point 1153°C) and palladium-carbon (Pd-C, melting point 
1492°C) eutectic were consequently studied.
Drawings of the two designs of integrated cells are given in Fig.5.1. The outer lengths 
were 12 mm and 7.2 mm for full-size and half-size cells respectively, with the same 
outer diameter o f 6 mm. The overall internal volume was 124 mm  ^ for full size cells 
and 64 mm  ^ for half-size cells. To attach the respective thermoelements to the
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graphite crucible, holes with 0.6 mm inner diameter were drilled in the top and bottom 
of the crucible; these are shown in Fig.5.1.
Graphitecrucbte
Fixed
point
material
70 wire
7.2
(a) mini cell (full-size) (b) mini cell (half-size)
Figure 5.1 Cross-sectional drawings of the graphite crucibles used for the integrated 
mini cells. All dimensions are in mm.
5.2.1.1 Preparation of ingot materials
• Ag cell (full-size): Silver shot, of purity 99.9999%, was poured into the 
crucible and melted in air using a welding torch. Shot was repeatedly added 
and melted until the crucible was full, containing approximately 1.3 g of silver 
(full-size). The finished ingot was then removed from the crucible that had 
been damaged by the thermal process, cleaned with acetone and distilled 
water, and placed into a new crucible, so that the fit was flush.
• Co-C cell (full-size and half-size): The Co-C ingot was obtained from a Co-C 
fixed point cell made by melting cobalt powder of purity 99.995% (metal 
basis) mixing with high purity graphite powder of purity 99.9999% at 
approximately eutectic composition (~2.6mass%carbon) in a large external 
graphite crucible [23]. Then, spark erosion was employed to create Co-C 
ingots to fit flush in the graphite integrated cell mini-crucibles. The ingot was 
smoothed with emery paper, polished and cleaned with acetone and distilled 
water. The ingots weighed approximately 1.1 g and 0.57 g for the full-size and 
half-size cells respectively.
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• Fe-C cell (half-size): Fe-C material was prepared by mixing the Fe (99.998%) 
and high purity graphite (99.9999%) powders at approximately the eutectic 
composition (~4.2mass%carbon). A large graphite crucible was prepared for 
casting an ingot of Fe-C eutectic. After filling the crucible with eutectic 
powder mixture, it was heated for about 1 hour in an argon atmosphere to 
temperatures above its eutectic temperature (1153°C) by about 20 °C and then 
cooled to room temperature. Then the initial casting crucible was removed. 
The Fe-C pieces were spark eroded to fit into the inside volume of the half­
size mini-graphite crucible. The Fe-C mini-ingot was cleaned in the same way 
as Co-C ingot. The half-size mini-crucible contained about 0.5 g of Fe-C 
eutectic.
• Pd-C cell (half-size): The Pd-C half-size ingot was obtained from a larger Pd- 
C fixed point cell made by melting pure palladium (claimed purity 99.999% 
metal basis) and graphite powder of purity 99.9999% at approximately the 
eutectic composition (~2.7mass%carbon) in a large graphite crucible. This 
crucible was removed then, spark erosion employed to create half-size mini 
Pd-C ingots to fit flush in the graphite mini-crucible. The Pd-C mini-ingot was 
cleaned in the same way as Co-C ingot. The Pd-C ingot weighed 
approximately 0.8 g that was used for the half-size cell.
The details of each eutectic fixed point phase diagram can be found in Appendix A. 
Fig.5.2 shows a mini-crucible and ingot material for the self-calibrating thermocouple 
with integrated fixed point.
UilMLLL
Figure 5.2 The mini-graphite crucible and ingot material for the self-calibrating 
thermocouple.
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5.2.2 Fabrication of the self-calibrating thermocouple
The type R thermocouple used with the integrated mini-cells was fabricated in the 
usual way using Pt and Pt/13%Rh wires of diameter 0.5 mm, length 2000 mm. The 
detailed fabrication procedure is described in Chapter 3, Section 3.2. Each 
thermoelement at the measurement junction of the type R thermocouple was inserted 
into a hole at either end of the graphite crucibles to make a thermoelectric circuit. The 
thermoelements were insulated from each other and from the graphite using fine tubes 
of high purity alumina. These can be seen in Fig.5.3. The reference junction of the 
thermocouple was kept at 0 °C using a melting ice point. The thermocouple output 
was monitored using a Keithley 2182A nanovoltmeter and logged via a PC.
(a) (b)
Figure 5.3 Photographs of the thermocouple mini fixed point cells: the miniature fixed 
point cell, showing the arrangement of the measuring junction of the thermocouple 
(a) full-size , (b) half-size.
5.2.3 Evaluation of self-calibration values
It is intended to analyse the output of the self-calibrating thermocouple device with a 
fixed point attached to the measurement junction as shown in Fig.5.3. The equivalent 
circuit employed for the self-calibration thermocouple with an ‘integrated cell’ is 
illustrated in Fig.5.4. A circuit analysis of the device follows; the one thermoelement 
of the measurement junction attaches to the bottom of the graphite crucible at point 1 
and the other thermoelement attaches to the lid of the crucible at point 2. Point 3 
represents the middle of the mini fixed point. Point 3 is assumed to be the point of
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detect the phase transition temperature (7^) of the ingot material. Point A and B 
represent the point at the thermoelement wire A and B. Due to a small size of the 
crucible, points 1, 2, 3, A and B  are assumed to reach the same temperature of the 
furnace (7 /) which is different from the melting temperature (7^) of the material
ingot by 7} -7^. This isothermal condition along the cell is an important pre-requisite
for ideal operation of this integrated cell design. The larger the departure from 
isothermal conditions the worse the performance of the self-calibrating aspect of the 
sensor.
i Therm oelem ent A  
I Graphite + Metal 
j Therm oelem ent B
Reference Junction Measurement junction
Figure 5.4 The equivalent circuit of the mini fixed point cell with the thermocouple 
measurement junction attached to the graphite crucible [59].
The ingot material will melt when the furnace temperature is increased above the 
melting temperature of the fixed point, and the ingot material will freeze when the 
furnace temperature is decreased below To. During the phase transition of the ingot 
material, the thermocouple measurement junction, integrated with the graphite 
crucible, is assumed to be at the same melting temperature Tq. Hence the isothermal 
condition is an ideal operation. However, in reality the temperatures at the junctions 
between the thermoelements and the graphite crucible are somewhere between 7} and 
To. We denote the temperature difference between the junction and To as AT. So, 
when the fiimace is at temperature Tf, the junctions of the wires close to the graphite 
crucible (point 1 and 2) containing molten metal are at a temperature Tq + A T . The
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reference junction is at 0 °C. Therefore the net emf (Fo) of this device considering the 
path &om and to the reference junction can be written as:
To+Ar To+Ar To+Ar
V „ = \s^ d T +  \ s ^ d T -  \S e d T - \ s ^ d T  (5.1)
0 7> To To 7> 0
Tf To+AT
Or V „ = js , ,d T +  j s , , d T  (5.2)
0 7>
Where Vo is total thermoelectric signal of the device, Sg is the Seebeck coefficient 
of a graphite. Sab = (Sa-Sb)  is the net Seebeck coefficient of this thermocouple 
having a thermoelement A with the Seebeck coefficient Sa and a thermoelement B  
with the Seebeck coefficient Sb. This is only correct if  the two temperature gradients 
over the graphite crucible are equal [59].
From (5.2), the plateau emfs will vary proportionally to the furnace temperature 
setting. By assuming the condition that furnace temperature is equal to material 
transition temperature, 7} =Tq and AT  = 0, the second term of equation (5.2) will
tend to zero, and the emf is given by:
K  = I^ABdT (5.3)
Obviously from equation (5.2) and (5.3) when that furnace temperature is not equal to 
material transition temperature, Tj- ^ T q, the output corresponding to the transition
temperature of material will vary. Therefore, in terms of practical calibration for 
determining the true emf relating to the transition temperature of the fixed point 
material, the melting/freezing emf referring to each furnace offset temperature must 
be evaluated. The measurement results and method to evaluate this effect will be 
shown in Section 5.4.
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5.3 Thermal modelling
The melting characteristics of the cells are influenced by the furnace temperature 
offsets and the temperature gradients within the furnace. In this section, thermal 
modelling of the mini-fixed point crucibles will be described. This modelling was 
performed to understand the effect of the furnace temperature gradients and the 
temperature offset (from the nominal melting temperature) on the performance of the 
mini-fixed point cells. The software used for these simulations was Comsol 
multiphysics in Heat transfer module previously described in Chapter 3, Section 3.6.
5.3.1 Simulation of the melts
To gauge the melting characteristics of the half-size and full-size mini-cells, a thermal 
simulation was constructed for a miniature of cobalt-carbon (Co-C) eutectic fixed 
point cell. The purpose of these simulations was to;
• Prove that the design works for the fiill and half-size cells;
• Investigate the effect of furnace offset on a small cell;
• Evaluate the effect of the temperature gradients along the cell.
The thermal modelling of the Co-C mini cell starts by inputting the cell geometry of 
the half-size and fiill-size cell drawing in 2D axial symmetry plane. Then the material 
thermal properties are specified. The material parameters for the simulation were as 
follows: the melting point of Co-C was 1324 °C. The thermal properties were taken to 
be that of pure Co; density 8800 kg m'^  and thermal conductivity 89 W-m‘ -^K’ ;^ 
specific heat capacity 442 J-kg' -^K and assumed to be the same in both solid and 
liquid phases. For the graphite cmcible material, its properties were melting point 
4763 K, heat capacity 918 J-kg' -^K, density 2,100 kg m'^  and thermal conductivity 
120 W-m- '^K‘^[103].
The initial temperature (7)„//) of the system was set 2 °C below the Co-C melting 
point {Tjnei ,^ and the final temperature {Tfmai) was set to be 6 °C above Tmeit- When the 
thermal simulation begins, the outer wall of crucible was heated firom Tinu to Tfmai at a 
ramp rate of 4 °C per minute. The Co-C material will be warmed up until the melting
1 0 8
temperature is reached then the melting plateau begins [96]. The temperature gradient 
along the cell was set to be zero.
A photograph of the miniature integrated design graphite crucible, along with pictures 
of the corresponding geometric 2D axial symmetry drawing with meshes is given in 
Fig.5.5 (a) and (b). After simulation, the temperature flux showing the heat flow 
within the crucible during the melt of Co-C material (1324 °C) and the simulated 
temperature distribution are shown in Fig. 5.5 (c) and (d).
(a) (b) (c)
--------ISB
"
- #
-
(d)
1 3 2 4 . 5  'C
^  1324
1323 5 'C
Figure 5.5 Thermal modelling, (a) A photograph of a miniature integrated design 
graphite crucible, (b) The geometric 2D axial symmetry drawing for thermal 
simulation with the meshes, (c) The temperature flux showing constant heat flow at 
phase transition region, (d) The post processing visualisation of the thermal 
simulation showing temperature distribution throughout the crucible during a melt 
with a temperature range ± 0.5 K.
The thermal modelling results in Fig.5.5 show that the solid melts from the surface 
rather than from within the solid. The calculated temperature of the melt plateau of 
the miniature Co-C cell as a function of time and the experimental results of the 
thermocouple output are shown in Fig.5.6. Note that the simulation shows the melting 
curves have a slope because the modelling parameters i.e. size of the finite element 
meshes and the simulation timing steps are chosen to allow for the available 
computational sources and time.
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Figure 5.6 Melting curves of the miniature Co-C eutectic cell for self-validating 
thermocouple (half-size): Top panel shows Comsol calculation and lower panel shows 
experimental results.
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5.3.1.1 Modelling of two different sizes of the Co-C
The temperature at the centre of the half-size and full-size cells as a function of time 
(melting curve) is plotted in Fig.5.7. The melting offset of both simulations used to 
generate the melting curves in Fig.5.7 is 6  °C and the temperature gradient along the 
cell is set to be zero. The half-size cell gives the shorter duration of plateau than full 
size cells as expected because it contains less material. However, the half-size cell 
still shows a well-defined plateau. Here the inflection point of the melting plateau of 
both cells is the same at 1597.15 K (1324 °C). Note the eutectic cell temperature is 
determined from the inflection point.
•«— full cell 
Half cell1600.0-1
1 5 9 9 ,5 -
1 5 9 9 .0 -
k: 1 5 9 8 .5 -
2
3  1 5 9 8 .0 -
2
o
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1 596.5
1 596.0
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Time /sec
Figure 5.7 The calculated melting curve for miniature Co-C eutectic fixed point cell 
(half size and full size cell) using Comsol multiphysics heat transfer program.
5.3.1.2 Modelling of fixed point behaviour with different furnace temperature 
offsets
Further simulations of the melting curve characteristics experiencing different furnace 
offsets for the half-size Co-C cell were performed. The temperature value at the centre 
of the half-size cells as a function of time when experiencing difference fiimace 
melting offsets from 1 °C to 6  °C is presented in Fig.5.8. The higher fiimace offset 
reduces the duration of the melting plateau. This is because when the melting offset is 
higher, the amount of heat flows to the colder fixed point cell increases. This causes
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the shorter time to complete the phase transition process. Again the furnace gradient 
along the cell was set to be zero.
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Figure 5.8 The calculated melting curves of the miniature Co-C cell (half-size) when 
furnace offsets are +1K, +2 K, +4 K, + 6  K above its melting temperature (1597.15 K)
5.3.1.2 Simulation of the fixed point behaviours in the presence of temperature 
gradients along the fixed point
A uniform liquid-solid interface during the phase transition is important to generate 
the flat plateau required to give the precise melting temperature for thermometer 
calibration. Ideally, the temperature throughout the cell must be uniform. At high 
temperatures such as the Co-C melting point (1324 °C), a uniform thermal 
environment is difficult to achieve. Hence a thermal simulation using Comsol has 
been constructed to evaluate the effect of different temperature gradients along the 
mini-fixed point cell.
The melting plateau at the centre of the half-size cell with different temperature 
gradients is plotted in Fig.5.9. The temperature is taken from the centre of the cell. 
Note the temperature gradients 0.5 K and 2.0 K across the miniature cells are 
approximately the temperature profiles of the horizontal furnace and vertical furnace 
used in the real experiments. The simulation with higher temperature gradients 
produces shorter melting curves.
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Figure 5.9 Calculated effect of axial temperature gradients on the melting curve at the 
centre of the Co-C mini cell (half-size).
In Fig 5.9, the temperature profile during the melt is only taken from the centre part of 
the cell. Hence, the inflection point of the melting plateau at the cell centre is less 
dependent to the temperature gradient. However, because of the design of the 
integrated cell, each thermoelement of the thermocouple measurement junction is not 
located at the cell centre but it was located separately at the top and bottom of the 
graphite crucible. Therefore, it is important to investigate the effect of the temperature 
gradient on the temperature reached at the top and bottom of the cell to predict the 
influence to thermocouple output.
Fig.5.10 shows the simulation of temperature distribution during melting of the half­
size and full-size cell with a temperature gradient +5 K over a 12 mm length. The 
temperature uniformity along the shorter cell (half-size) is better than longer cell (full- 
size). It can be seen that the temperature difference at the top and bottom, which is the 
location of thermoeouple measurement junction, of the full-size cell is more than that 
of the half-size cell. Thus, the effect of the furnace thermal gradients is less 
pronounced for the smaller half-size cells.
The thermal simulation of different temperature gradients, +0.5, +2.0, +5.0 K, was 
performed. Fig. 5.11 and Fig. 5.12 show the temperature profile at the top and bottom 
cell during the melt of the half-size cell and full size cell, respectively. As expected, in
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temperature gradient conditions, the temperature profile between the top and bottom 
of the full-size cell is much more significant than that in the half-size cell.
T+5
gradient = +5^C
1325
1324 "C
1323 "C
Figure 5.10 The temperature distribution during melting of the half-size and full size 
cell with furnace temperature gradient = +5 K.
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Figure 5.11 The calculation of the effect of temperature gradients on the melting 
curve showing the effect of temperature gradient in top and bottom location of the 
half-size cell.
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Figure 5.12 The calculation of the effect of temperature gradients on the melting 
curve showing the effect of temperature gradient in top and bottom location of the 
full-size cell.
According to the analysis of the device design given in Section 5.2.3, the more 
accurate thermocouple output with the integrating cell should be when there is a little 
or no temperature gradient between the thermoelements. Therefore, in a general 
measurement condition with temperature gradients, the thermocouple output which 
integrated with the half-size cell would gauge better than the larger cell.
5.4 Measurements
The characteristics of the self-calibrating thermocouple were evaluated by performing 
several melt and freeze measurements of the ingots. To evaluate the effect of the 
quality of the thermal environment (particularly the temperature gradient the mini 
fixed point was subjected to), two very different furnaces were used:
• A horizontal furnace, working tube diameter 25 mm, length 800 mm. The 
temperature uniformity over the central 5 cm, where the mini-cell was placed.
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was within ±0.5 °C. This produces almost ideal thermal condition for the 
device as described in Section 5.2.3.
• A vertical furnace, working tube diameter 10 mm, length 350 mm. The
temperature uniformity over the central 5 cm, where the mini-cell was placed, 
was about ± 4 °C.
Fig.5.13 shows the furnace temperature profiles. The measurement junction assembly 
(including the fixed point cell) was placed in the most uniform region of the furnace, 
taking particular care not to touch any part of the assembly against the furnace wall. 
To protect the graphite crucible, an inert atmosphere was maintained by passing a 
gentle flow of argon gas through the furnace work tube.
o
CD
1360-
1 3 40 -
1320-
2
0) 1300'
CL
E
H
1280
1 2 6 0 -
#  H orizontal fu rn a c e  
- A —  V ertical fu rn a c e
Cold junction /
/
A— ■"'A
10
I
15 20
“T"
25
—T" 
30
— I—
35
—I------ 1—
40 45 50
Position / cm
Figure 5.13 Temperature profiles of the horizontal and vertical furnaces showing the 
approximate position of the self-calibrating thermocouple during measurements.
To perform the melt (or freeze), the furnace temperature was stabilised above (or 
below) the transition temperature of the fixed point material by a specified amount 
depending on the duration of melt/freeze required. To initiate the melt (or freeze) the 
selected furnace ramp rate of temperature was 4 °C per minute. The furnace 
temperature offset was varied from the melt/ freeze to study the device’s thermal
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characteristics. During all experiments, the same type R thermocouple was used 
though different mini-crucibles were attaehed to the measurement junction during the 
tests. The reference junction of the thermocouple was kept in a melting ice point and 
the emf output was monitored using a nanovoltmeter.
5.5 Results
5.5.1 Ag mini fixed point ceii (fuii-size celi)
Typical melting and freezing plateau with different furnace temperature offsets for the 
Ag mini cell are shown in Fig.5.14. As expected, the duration of plateau decreases 
when the temperature offset increases. This was anticipated from the thermal 
modelling described in Section 5.3.
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Figure 5.14 The melting and freezing plateaus against time of the type R 
thermocouple, with incorporated Ag mini fixed point (full-size) for different furnace 
set points from the transition temperature of about ±1°C, +2°C and +3°C. Note that 
Vp is the thermocouple output at the fixed point plateau and Vf is the thermocouple 
output at the furnace temperature.
During the measurements of the pure metal (Ag) fixed point, it was difficult to 
maintain good thermal contact between the metal and the graphite crucible. After a
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freeze, the metal assumed a near-spherical shape to minimize its surface energy-to- 
volume, i.e. it didn’t adhere to the inner wall of the graphite crucible. If the crucible 
was not full, or if  the metal ingot does not make good thermal contact with the walls 
of the crucible, or there are voids inside the ingot, the quality of the melting plateau 
degrades substantially. This problem with pure metal ingots does not affect metal- 
carbon eutectic alloys because they bond well to the graphite crucible wall, providing 
much better thermal contact between the ingot and the crucible.
5.5.1.1 Evaluation the self-calibration value
As discussed in Section 5.2 the output of this integrated device will be in error 
because of the temperature difference between the furnace temperature and the 
transition temperature. To determine the influence of the furnace temperature on the 
plateau, the melting and freezing curves of the Ag mini fixed point cell (full-size) 
were performed by using different offset temperatures to construct the plot in 
Fig.5.15.
The emf at the plateau (Fp) and the emf at the furnace temperature (V /) (determined 
after the melt/freeze has finished) were plotted in coordinate x and y respectively. The 
measured Fp vs 1}points were fitted by least squares (a straight line). The F/=Vp line 
(dashed line) was drawn on the same graph; this corresponds to the ideal case where 
the furnace temperature is set equal to the transition temperature. Therefore, the 
intersection of the best-fit line with the Vf=Vp\\\iQ on x  -coordinate (F^) represents the
thermocouple self-calibration value.
1 1 8
1 0 1 0 0 ^
2  10050
F u ll - s iz e  A g  c e l l ,  h o r iz o n ta l f u r n a c e
I •  I Melts
o Freezes
  B est fit
 V =V
 V at equilibrium
9990 10000 10010
Emf at transition temperature (V ) /  jxV
V = V< p
10000
= 9950
\Z = 1000G uV
1 ' I
10020 10030
Figure 5.15 Plots of the relationship between f/(em f at furnace temperature) and Vp 
(plateau emf during melting and freezing) of Ag full-size mini cell. Bars represent the 
overall uncertainty of this measurement = 1 ).
The solid line in Fig.5.15 is the best fit to data. The dashed line shows the line = Vj
which the furnace temperature equal to the fixed point transition temperature. The 
intersection of these two lines yields the equilibrium emf of the thermocouple at the 
fixed point temperature, V '^ . The equilibrium emf of the Ag cell (full-size), V '^ , is
10006 ± 1 0  //V in the horizontal furnace. The mini-fixed point cell was removed and 
the measuring junction wires welded together. The thermocouple was then calibrated 
using a conventional large Ag fixed point giving a calibration value of 10002.6 + 
4.0 //V. The good agreement between these two values supports the validity of the 
miniature fixed points for in-situ calibration of the thermocouple output, and confirms 
the findings of Tischler and Koremblit [59].
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5.5.2 Co-C mini-fixed point ceii (fuii-size and half-size celi)
5.5.2.1 Plateau behaviour with both cells 
• The full-size Co-C fixed point cell
The repeatability curves of the full-size cell containing Co-C, in the horizontal 
furnace is shown in Fig.5.16. The repeatability of the Co-C mini-fixed point cell was 
investigated in the good temperature uniformity horizontal and poor uniformity 
vertical furnaces. The furnace was set to a specified ‘melting offset’ temperature. 
After melting was complete, the furnace was cooled down to a specified ‘freezing 
offset’ temperature to generate freezing. The entire cycle was then repeated. The full 
size cell can be operated only in a uniform horizontal furnace. It was found that the 
device can not detect the phase transition of the ingot material in the vertical furnace 
which has a very high temperature gradient. This is because; first the ingot material
melts in a non uniform along the high temperature gradients; and second, the
thermoelement at the top and bottom cell sense different temperatures as shown by 
the thermal modelling.
Full-size cell, horizontal furnace15040
15020
15000-
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Figure 5.16 Repeated Co-C melts and freezes measured with the self-calibrating type 
R thermocouple with full sized cell in low temperature gradient furnace [101]
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• The half-size Co-C fixed point cell
The half-sized cell works well in both the horizontal and vertical furnace. The melting 
and freezing plateaus of the mini cell (half-size) of Co-C cell in the good uniformity 
horizontal furnace and the poor uniformity vertical furnace are shown in Fig.5.17 and 
Fig 5.18, respectively. The furnace offsets were about 4 °C above melting temperature 
for the melts. The better uniform furnace in Fig.5.17 yields flatter melt plateaus 
meaning that a more uniform liquid-solid interface for the ingot has been achieved 
during the phase transition. It is very clear that the half-size cell performs better in the 
less uniform furnace.
15020-, H alf-size  ce ll, h orizon ta l fu rn a ce
15000-
14980-
14960-
0  14940-
3  14920-
E 14900-
5°C
H  14880
14860-
14840
80 140 160 18060 1 0 0 1 2 020 400
Time / mins
Figure 5.17 Repeated Co-C melts and freezes of the miniature cell (half-size), 
measured with self-calibrating type R thermocouple in a good temperature uniformity 
horizontal furnace. [ 1 0 2 ].
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Figure 5.18 Repeated Co-C melts and freezes of the miniature cell (half-size), 
measured with self-calibrating type R thermocouple in a non uniform vertical furnace 
[102].
S.5.2.2 Repeatability of the Co-C cells
The repeatability data was taken from the inflection point for the melts and the 
maximum value for the freezes of the type R thermocouple. The measurements were 
carried out under the same furnace offset conditions. The data of the repeated 
measurement of melting and freezing output of both size cells are taken from the 
melting/freezing curves in Fig. 5.16, Fig. 5.17 and Fig.5.18 are calculated and plotted 
in Fig 5.19, Fig.5.20 and Fig.5.21, respectively.
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Figure 5.19 Repeatability of melts and freezes of Co-C cell (full-size) in the 
horizontal furnace.
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Figure 5.20 Repeatability of melts and freezes of Co-C cell (half-size) in the 
horizontal furnace.
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Figure 5.21 Repeatability of melts and freezes of Co-C eell (half-size) in the vertical 
furnace.
The repeatability uncertainty (of the melting and freezing) is determined by using the 
dispersion (the standard deviation of the data).The repeatability for both types of cell 
in both furnaces of the melts is better than that of the freeze, as is found for 
conventional large size eutectic fixed points [14]. The self-calibrating thermocouple 
with the half-size cell shows closer agreement between melts and freezes in the more 
uniform horizontal furnace. The closer (half-size) the thermoelements are to one 
another means that clearer signals are generated because the temperature gradients 
are, on the whole, lower over the smaller cell. These findings of the the thermal 
modelling study are eonfirmed by these results.
S.5.2.3 Temperature environment effects
The plateau behaviours when increasing the furnace melting offsets of the full-size 
and the half-size cell for Co-C in the horizontal furnace are shown in Fig.5.22. The 
emfs at the various melts plateaus {Vp) and the emfs after plateaus finish which is 
referred to the fumaee temperature {Vj) were monitored. The thermal environment 
effects can be determined from the shift of plateaus when increasing /deereasing 
temperature far from the transition temperature. From the melting curve results shown
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in Fig.5.22, the half-size cell shows less sensitivity to the thermal environments than 
the full size cell as predicted by the thermal modelling study.
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Figure 5.22 The thermocouple outputs during the melt or freeze transition of the Co-C 
mini cell when applying different furnace offsets. Top panel: the full-size cell and 
lower panel: the half-size cell. The red dash line shows the trend of the change in emf 
at the melting plateau. It is apparent from this picture that the full-size cell melting 
plateau is more sensitive to the thermal gradients than the half-size cell.
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5.S.2.4 Evaluation the self-calibration value of the Co-C cell
The evaluation of the self-calibration value of the Co-C cell was in the same way of 
the Ag cell described in Section 5.4.1.1. The influence of the furnace temperature is 
shown in Fig 5.23 on the melting and freezing values of a Co-C full-size mini-fixed 
point cell. This was evaluated by performing measurement with different melting/ 
freezing offset temperatures to construct the plot in Fig.5.23 and the Blue plot in Fig 
5.24. The dash line {Vf ^  Vp) corresponds to the ideal case where the furnace 
temperature (thermocouple output emf f/) is set to equal to the transition temperature 
(thermocouple output emf Vp). Therefore, the intersection of the best-fit line with the 
Vf=Vp\\TiQ on % -coordinate (F^) represents the thermocouple calibration value.
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Figure 5.23 Plots of the relationship between V/ (emf of furnace offset temperature) 
and Vp (emf during melting and freezing) of Co-C full-size mini cell. Bars represent 
the overall uncertainty of this measurement {k ^  1). The solid line is the best fit to 
data. The dashed line shows the line V^  = Vj. which the furnace temperature is equal to
the fixed point transition temperature. The intersection of these two lines yields the 
equilibrium emf of the thermocouple at the fixed point temperature, V^ .
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For this Co-C full-size mini cell, the equilibrium emf at the intersection point 
with the Vf = V  ^ line is 14964 ± 1 6  jlN  . This is remarkably close (~ 50 mK) to the
calibration value for this thermocouple, using a conventional large Co-C cell, of 
14964.7 ± 4.0 / N . However, the performance of the fiill-size mini cell is very 
sensitive to the furnace environment limiting its use. The slope of the best-fit line is
4.3 J Ù V //N . Thus, for every 4.3 °C increase in the furnace offset from the melting 
temperature, the indicated plateau value will higher by 1 °C. The thermal environment 
effect uncertainty on mini-integrated cells was estimated by calculating the deviation 
of the melting temperature when the furnace was offset by 1°C. This is summarised in 
Table 5.2.
Fig.5.24 summarises the behaviours of the same type R thermocouple used with a 
full-size and a half-size Co-C mini cell in the horizontal and vertical furnace. For the 
measurement of the half-size cell in the horizontal frimace, the equilibrium emf of the 
half-size cell (the Green plot in Fig 5.25) V^ 2  is 14955 ± 10 juV , approximately 0.7
°C below the calibration value obtained in the conventional Co-C fixed point. This 
may be because of the less well-defined plateau due to the small amount of material. 
In addition the large surface per ingot volume allows more possibility for impurity 
contamination which will effect the eutectic melting temperature. The slope of the 
best-fit line (solid line) is 31.4 /N /ju Y . Thus, for every 31.4 °C increase in the furnace 
offset from the melting temperature, the indicated plateau value will higher by 1 °C. 
The half-size cell is much less sensitive to the thermal environment (almost a factor of 
1 0 ) compared to the full size cell which is consistent with the thermal modelling 
findings.
To demonstrate the wider applicability of the device, the half-size cell was also 
measured in the less uniform vertical furnace (the Red plot in Fig 5.24), which has 
much worse temperature uniformity than the horizontal one. The equilibrium emf here 
Vp2 is 14923 ± 10 juY , which is approximately 2.9 °C below the calibration value
obtained by the conventional large size fixed point. Here, the plateau was even less 
well defined. Clearly the temperature uniformity of the furnace has a significant effect 
on the performance of the device. In this case, the slope of the best-fit line is still high 
atl6.1//V ///V .
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Figure 5.24 Summary of the behaviour of the self-calibrating Co-C cells, in horizontal 
and vertical furnaces. Bars indicate the uncertainty associated with each point {k = 1).
It is clear that the thermocouple output when using integrated cells significantly 
depends on the furnace temperature gradients. Note that the full-size Co-C cell 
performed inconsistently in the vertical furnace. The much better temperature gradient 
of the horizontal furnace gives much more consistent melting emfs. These results 
may be explained either beeause of the influence of the temperature gradient on the 
propagation of the liquid-solid interface, or because of the physical separation of the 
two metal thermoelements. From thermal modelling and experimental results, it is 
clear that making the cell shorter mitigates the problem, but did not eliminate it in the 
poor thermal conditions that exist in the vertical furnace. Therefore, cells are prone to 
an offset if placed in a very steep temperature gradient. Nonetheless, the experimental 
results show good repeatability of melting plateaus for monitoring calibration drift of 
the sensor in-situ.
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5.5.3 Fe-C mini-fixed point cell (half-size cell)
The Co-C half-size cell shows significantly superior performance compared to the 
Co-C full size cell in terms of reducing the correlation between the emf at the melting 
temperature and the furnace temperature. Next, further self-calibration study of the 
Fe-C eutectic half-size cells in the horizontal furnace will be described.
To study the thermocouple self-calibration output at temperatures between the fixed 
points of Ag (961.78 °C) and Co-C (1324°C), the mini-cell containing iron-carbon 
(Fe-C), melting point 1153 °C, was fabricated and integrated into the same type R 
thermocouple. Fig 5.25 shows the plateau behaviour of the half-size cell for Fe-C in 
the horizontal furnace. To evaluate the self-calibration value, the influence of the 
furnace temperature on the melting and freezing curves of a Fe-C mini-fixed point 
cell was performed by varying melting/ freezing offset temperatures. Fig.5.26 shows 
the equilibrium emf of the half-size cell in the horizontal furnace. The self-calibrating 
value Vp is 12569 ± 14 juY , approximately 0.6 °C below the reference value of type R
thermocouple at the melting point of Fe-C (1153°C, 12577 juV) which calculated 
from the standard reference table in [34].
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Figure 5.25 Repeated Fe-C melts and freezes of the miniature cell (half-size), 
measured with the type R thermocouple in the horizontal furnace.
129
12750-, Half-size Fe-C cell, horizontal furnace
■  Melts 
□  F re e z e s
  B est fit
V=V„
 a t  equ i l i b r i u  m
12700-
2  12650-
VfVD. 12600-
%  12550-
Ü 12500-
12450-
V =12569 |iV
12400
126401262012580 1260012560125401252012500
Emf at transition temperature /  p.V
Figure 5.26 Plots of the relationship between Vs and Vp of Fe-C half-size mini eell in 
the horizontal furnace. Error bars represent the uncertainty associated with each point 
{ k ^  1 ).
The slope of the best-fit line is 4.5 juY/juY which means that the fixed point will over­
read (under-read) by approximately 1 °C when the furnace temperature is 4.5 °C 
above (below) the fixed point temperature. The performance of the Fe-C half size cell 
indicates a lower resistance to the thermal environment than the Co-C half-size cell by 
factor of seven. The thermal properties of the material used in this work are 
summarised in Table 5.1.
5.5.4 Pd-C mini-fixed point cells (half-size cell)
Fig.5.27 shows the plateau behaviour of the half-size cell for Pd-C in the horizontal 
fumaee. The study procedure was the same as for the Ag, the Co-C and Fe-C mini­
cell. A deep undercool was observed for the Pd-C, showing that the metal is 
remaining in the liquid phase even though the furnace temperature is far below the 
freezing temperature. After nueleation starts, the thermocouple output rises to that of 
the Pd-C freezing temperature due to the release of latent heat whilst freezing plateau 
is observed. The entire cycle was repeated.
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Figure 5.27 Repeated Pd-C melts and freezes of the miniature cell (half-size), 
measured with self-calibrating type R thermoeouple in the horizontal furnace.
Measurement of melting and freezing curves of the Pd-C mini cell using different 
offset temperatures was performed to construct the plot in Fig.5.28 showing the 
behavior of the Pd-C mini-fixed point (half-size) in the horizontal furnace. The 
equilibrium emf, is 17333 ± 1 8 //V or approximately 0.4 °C below the reference
value of Type R thermocouple at the melting point of Pd-C (1492°C, 17338//V ) 
obtained from the ASTM standard [34]. The good agreement between these two 
values supports the validity of the miniature fixed points Pd-C for in-situ calibration 
of the thermocouple output. The slope of the best-fit line in Fig.5.28 is 3.5 juV/juY 
which means that the fixed point will over-read (under-read) by approximately 1 °C 
when the furnace temperature is 3.5 °C above (below) the fixed point temperature. 
Again, the performance of Pd-C half-size cell indicates lower resistance to thermal 
environment than the Co-C half-size cell by factor of nine.
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Figure 5.28 Plots of the relationship between Vs and Vp of Pd-C half-size mini eell in 
the horizontal furnace. Error bars represent the uncertainty associated with each point 
( ^ = 1).
Table 5.1 shows the fixed point material properties used in this study. Considering the 
half-size cells, the Co-C eell has the better thermal properties e.g. heat capacity, 
thermal conductivity and latent heat of fusion than those for Fe-C and Pd-C. 
Therefore, Co-C cell shows the superior performance in terms of better repeatability 
and thermal resistance to the thermal environment effect than Fe-C and Pd-C.
The measurement results of the mini-integrated cell for full-size mini-cells (Ag, Co- 
C) and half-size mini-cells (Fe-C, Co-C and Pd-C) including the uncertainties are 
summarised in Table 5.2. The resistance to the thermal environment effects for each 
cell was different due to the amount of ingot material and its thermal properties. 
Thermal environment uncertainty is taken from the deviation of the thermoeouple 
output from the equilibrium value when the furnace offset 1 °C above the melting 
temperature. The Co-C half-size cell shows the highest of the resistance to the thermal 
environment effect but has a higher in the offset deviation from the reference value 
comparing with the Co-C full-size cell. The uncertainty evaluation will be described 
in Section 5.4.5.
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The mini-cells 
( weight)
Melting Point 
(°C)
Specific heat 
capacity* (J K *)
Thermal
conductivity*
(W m-^Kh
Latent heat of 
fusion* (J)
Density*
(g-cm’^ )
Full-size
Ag (1.3 g) 961.78 0.31 422 135.9 10.5
Co-C (1.1 g) 1324 0.49 89 299.8 8.8
Half-size
Fe-C (0.5 g) 1154 0.22 72 136.3 7.9
Co-C (0.6 g) 1324 0.29 89 148.4 8.8
Pd-C (0.8 g) 1492 0.20 35 125.8 12
* The thermal properties are converted to the thermal property by the weight of ingot material. Data are taken 
from the pure element.
Table 5.1 The material properties of the mini-integrated fixed point cell [103].
The mini-cells Melting Point 
(°C)
Equilibrium 
value ( fJSf )
Repeatability
uncertainty
(jUV), k=l
Thermal envi, 
effect*
(//V),A=1
Overall
Uncertainty
(//V),A=2
Full-size
Ag 961.78 10006 1.0 4.6 10
Co-C 1324 14964 2.4 15.1 19
Half-size
Fe-C 1154 12956 4.5 14.4 20
Co-C 1324 14955 3.0 2.1 11
Pd-C 1492 17333 6.0 18.6 23
* The change o f melting emf applied to a furnace offset o f 5 °C.
Table 5.2 Summary of measurement results of the mini-integrated cell for type R 
thermocouple self-calibration.
The results of this study indicate that the cell performance is better for smaller cells 
and for a more uniform furnace. This is because the effect of furnace gradients is less 
pronounced.
In addition, due to the strong bonding to graphite, ingots of metal-carbon eutectic 
fixed points are well suited to this application. However, the half-size cells of Fe-C 
and Pd-C, which has lower thermal properties, shows less pronounced plateau.
A fundamental limitation to increase the temperature of this study to higher than 1500 
°C is that the Pt-thermoelements of the thermocouple formed a eutectic with the 
graphite crucible. This limits the application of this design to the higher fixed point 
temperatures. However, the results of this study into self-calibrating thermocouples 
with integrated mini cell shows very encouraging results for the principle of self­
calibration. And in particular self-calibration could be performed using much less 
material, by factor of 10s, compared to conventional laboratory fixed points. This can 
be used to self-correct for inhomogeneity effects which is important for industrial
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thermocouples such as base metal thermocouples that have a large inhomogeneity 
uncertainty.
5.5.5 Measurement uncertainty
In this section an analysis is performed of measurement uncertainty for self­
calibration using integrated cells. The details of uncertainty evaluation for 
thermocouple measurement are explained in Chapter 3, section 3.4.3. To retain 
clarity as the calibration is in-situ, the thermoelectric inhomogeneity was omitted 
from the uncertainty budget.
The example uncertainty budget for self-calibration with the Co-C full-size cell is 
presented in Table 5.3. The evaluation of uncertainty was performed in the usual way 
[87]. The repeatability was taken from the standard deviation of the several melting 
emf measurements to be with the same furnace melting offset. The plateau 
determination uncertainty was estimated from the determination of inflection points. 
The thermal environment uncertainty was taken from the investigation of the furnace 
offset to the melting emf shown in Table 5.2.
Uncertainty contribution Distribution Standard uncertainty
Reproducibility / //V Normal 2.4
Plateau determination / //V Rectangular 0 . 6
Thermal environment / f N Rectangular 8.7
Temperature of Co-C / //V Rectangular 1 . 8
Voltmeter calibration / //V Rectangular 0.3
Spurious emf/ jiN Rectangular 0.3
Ice point uncertainty / //V Rectangular 0.3
Combined uncertainty {k= l) ! juV 9.3
Expanded uncertainty (k = 2) / /JV 19
Expanded uncertainty {k = 2) ! °C 1.3
Table 5.3 Example o f the uncertainty budget of the type R thermocouple integrated 
with the Co-C mini-cell (full-size).
The temperature of the Co-C was measured at NPL radiation laboratory whose 
temperature assigned uncertainty was 0.22 °C or 1.8 / N  {k=l). The calibration of 
the voltmeter and the spurious emf were within 0.5 jlN  . The stability of the ice point
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was within 0.01 °C or 0.3 / /V . The overall measurement uncertainty budget for the 
self-calibrating type R thermocouple with the integrated Co-C full-size cell is 19 jlN  
or 1.3 °C. The uncertainty budget of Ag, Co-C, Fe-C and Pd-C cells is in Appendix 3.
5.6 Summary
In this chapter, miniature fixed point cells containing Ag and the eutectic alloys of 
Co-C, Fe-C and Pd-C were fabricated to investigate their utility for the self­
calibration of thermocouples for ‘integrated cell’ format. Thermal simulation of this 
design was performed. The repeatability of melting/freezing of the measurements 
using the miniature cells was described. The relation between the phase transition 
temperature and the furnace temperature including the measurement uncertainty was 
evaluated and discussed. The results show that the principle of self-calibration is 
served. However, the integrated cell format is not suitable to higher temperature 
application so the different design with immersion format is described in Chapters 6  
and 7.
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Chapter 6 
Miniature eutectic fixed point ceiis for W/Re 
thermocoupie self-calibration
6.1 introduction
Reliable high temperature (>1500 °C) measurement is crucial for a wide range of 
industrial processes, as well as specialised applications in for e.g. aerospace, nuclear 
fuel, industrial heating, C-C composites, ceramics, glass refractory metals and alloys 
[51]. Since, noble metal and elemental thermocouples can only be used to measure 
temperatures up to 1700 °C. Tungsten-rhenium thermocouples are the most widely 
used thermocouple in industry above that temperature due to their usability and cost 
effectiveness. This thermocouple can allow the measurement of temperature up to 
2300 °C. A description of the tungsten-rhenium thermocouple is given in Chapter 1, 
Section 1.5.3.
A brand new tungsten-rhenium (W/Re) thermocouple has a manufacturing tolerance 
of 1% of temperature which is equivalent to ±  20 °C at 2000 °C and this uncertainty 
can rapidly and substantially increase with used. For example large drift of about 230 
°C was observed when using a W/Re thermocouple at 2300 °C [52]. In addition, it 
was found that the emf drift increases with the thermocouple inhomogeneity [57]. 
Particularly, the most difficult problem in using W/Re thermocouples is that they 
become brittle and lose of ductility after being used above the re-crystallization 
temperature of tungsten (-1200 °C) [36]. Therefore, the removal of these 
thermocouples for recalibration is generally not possible because they break. Ideally, 
these thermocouples require some mechanism to monitor their drift in-situ [104, 105].
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In this chapter, the development and construction of miniature high temperature fixed 
point cells for in-situ calibration of type C thermocouples will be described. The 
concept of mini- immersion cell will be introduced. Then the fabrication of the mini­
immersion cells will be introduced. Then the fabrication of mini-immersion cells will 
be described, following by thermal modelling. Finally, the idea of the multi-cells for 
thermocouple self calibration will be introduced.
6.2 The mini-immersion ceil
Mini-fixed points for thermocouple calibration have been studied previously by two 
different formats known as “integration cell" and "immersion cell". The first concept 
is realised by attaching a miniature fixed point directly to the wires of the 
thermocouple measurement junction [59, 101, 102]. A study involving the use of the 
mini integrated mini-cells was discussed in Chapter 5. The integrating mini-cells can 
be used with the Pt noble metal thermocouple up to 1500 °C. However, at higher 
temperatures, the integrating cell approach is not applicable because the Pt, Pd or 
Pt/Rh alloy wires transform to eutectics when directly contact with the carbon 
crucible causing the measurement junction break.
Another limitation of the integrated cell approach that it can not be used with W/Re 
thermocouples is firstly the tungsten alloy wire is too inflexible and brittle to reliably 
integrate the measurement junction to the fixed point. Secondly, in the bare wire 
condition, the tungsten-rhenium thermocouple encounters the degradation problem 
firom rhenium vaporization [52]. The tungsten-rhenium thermocouple is almost 
always used with the suitable protective refractory metal sheaths and so no access is 
possible to the thermocouple wires; i.e. integrating with the cell is not possible. 
Therefore, the mini-immersion cell seems to be the most suitable for the application 
use with W/Re thermocouple.
The immersion cell concept is realised by immersing the thermocouple measurement 
junction into the thermometer well of a miniature fixed point cell. This concept design 
is adapted from the standard ITS-90 fixed point cell by reducing the fixed point cell 
size to be suitably employed for calibration in-situ. The mini-immersion cell formats 
has only been studied previously with pure metal fixed points, e.g. Ag (961.78 °C)
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and low temperature eutectic alloys, e.g. Cu/Sb (526 °C), Cu/Al (548 °C), and Al/Si 
(577.2 °C) for use with type S and type K thermocouples [62, 63, 106]. The mini­
immersion cell concept coupled with the metal-carbon eutectic fixed points, which 
have already had a high impact in the field of high temperature calibration [14, 16, 23, 
29], was employed in this work. The mini- immersion cells containing Co-C (1324 
°C), Pd-C (1492 °C), and Ru-C (1954 °C) will be investigated to cover the use of 
tungsten-rhenium thermocouple (type C) to high temperatures of at least 2000 °C.
6.3 Design and fabrication
6.3.1 Type 0  thermocouples
A schematic diagram of a mineral-insulated metal sheathed (MIMS) thermocouple is 
shown in Fig.6.1. A typical MIMS of the W/Re thermocouple consists of the 
thermocouple wires separated by high temperature insulating material (usually hafnia, 
HfOi) and surrounded by an outer protection metal sheath.
Thermocouple wires
Insulation Material (HfOj)
Refractory Metal S h ea th
Figure 6.1 Cross section diagram of mineral-insulated metal-sheathed (MIMS) 
thermocouple.
The refractory metal sheath material suitable for type C thermocouples must be of 
high melting temperature. Typical materials are molybdenum for temperatures up to 
1750 °C and tantalum for higher temperatures [51]. The hafnia is the best available 
insulation material for use at these temperatures for W/Re thermocouple because it 
has the most suitable electrical insulation properties at high temperature. However, 
the electrical shunting effect (lost of resistivity) of the insulation material usually
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occurs at very high temperatures. This can be seen in Fig.6.2 showing the electrical 
conductivity with temperature of some insulation materials. Even better insulators 
could be used; there is thoria (ThO]) and beryllia (BeO). They are not widely used, 
however, because thoria is radioactive and beryllia is toxic. If the resistivity of the 
thermocouple insulator was lost, there will be a creation of the second measurement 
junction between the wires themselves or with the sheath effecting to the 
thermocouple output.
i  io« 
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Figure 6.2 The electrical resistivity at high temperatures of some ceramic materials 
[52].
In this study, the W/Re thermocouple used with the mini- immersion cells of Co-C 
and Pd-C was a MIMS thermocouple. The sheath material was molybdenum and the 
insulator material was hafnia (HfOz). The measurement Junction was insulated from 
its molybdenum sheath (i.e. it was ungrounded). The sheath diameter was 1.5 mm and 
its length was 375 mm. The W/Re thermocouple used was type C having the positive 
W5%Re thermoelement and the negative W26%Re thermoelement wire diameter 0.25 
mm.
It was found that at temperatures above 1500 °C this design of the type C 
thermocouple could not be used accurately due to the shunting effect. Therefore, a 
larger diameter of MIMS type C is used for study at Ru-C cell. The larger sheath 
diameter allows more insulation to be accommodated inside the thermocouple sheath
139
and decreases the shunting effect. The sheath diameter in this study was 3.0 mm and 
length was 425 mm. The sheath material was tantalum and the insulator material was 
hafnia. The measurement junction was insulated from its sheath (ungrounded). The 
thermocouple wires were 0.25 mm in diameter. The cold junction was made by 
connecting the end of type C thermocouple to the Cu wires. The reference junction of 
the thermocouple was kept at 0 °C using a Fluke 9101 automatic ice point. The 
thermocouple output was monitored using a Keithley 2182A nano voltmeter and 
logged via a PC.
Fig.6.3 shows measurement results of shunting effects of the type C thermocouple 
diameter 1.5 mm and 3.00 mm. This measurement was performed by measuring the 
resistance between one thermocouple wire and its protective metal sheath as a 
funetion of the furnace temperature. The MIMS type C of the sheath diameter 3 mm 
showed more than 10 times higher resistance than the 1.5 mm.
MIMS dia. 3 mm 
MIMS dia. 1.5 mm
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Figure 6.3 The measurement results of shunting effects of the type C thermocouple 
diameter 1.55 mm and 3.00 mm.
6.3.2 Fabrication of mini cells
The mini-cells were fabricated to be compatible with the selected MIMS type C 
thermocouples. To reduce the effect of heat conduction loss, the depth of thermometer
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well must be at least 8  times greater than the thermometer diameter to achieve a 
relative temperature error of less than 0.05% [5]. Fig.6.4 shows cross-sections of the 
crucibles for type C thermocouples diameter 1.5 mm (for Co-C and Pd-C cells) and 3 
mm (for Ru-C cell). The crucibles were constructed from 99.9999% purity graphite.
For the smaller cell, the total length of the cell was 18.5 mm, the diameter was 10 mm 
and the depth of the thermo well was 15 mm. The internal volume for filling eutectic 
material was 0.36 cm .^ For the larger cell, the total length of the cell was 30 mm, the 
diameter was 14 mm and the depth of the thermo well was 24 mm. The internal 
volume for filling eutectic material was 1.4 cm .^ The crucible was filled with material 
from the rear of the cell and then closed with a graphite cap. Next, the preparation of 
each material to the mini-cell will be explained.
0  4 .0
ID
(a)
30
(b)
Figure 6.4 shows drawings of the crucibles for (a) MIMS type C thermocouples 
diameter 1.5 mm (for Co-C and Pd-C cells) and (b) MIMS type C thermocouples 
diameter 3mm (for Ru-C cell).
6.3.2.1 Preparation of the mini Co-C immersion cell
The source metal for the mini-cell was cobalt wire, of purity 99.99+ % (metal basis), 
with 0.5 mm diameter. About 1800 mm (-2.8 g) was cut into short pieces and put into 
the crucible from the rear. The crucible was then put into a furnace and the metal 
melted. Graphite powder was not added to the crucible; rather, graphite was dissolved 
from the crucible wall to achieve the eutectic composition. Wire pieces were then
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repeatedly added and melted until the crucible was full. Fig.6.5 shows the mini 
graphite crucible in an upside down position; firstly empty with the cap (a) secondly 
filled with small pieces of the cobalt wire (b) and thirdly after melting (c).
6.3.2.2 Preparation of the mini Pd-C immersion cell
The Pd-C mini cell was fabricated in the same way as the Co-C cell. The Pd wire, of 
purity 99.99+% (metal basis), with 0.5 mm diameter and a length of about 2000 mm 
(~ 4  g) was cleaned, cut into small pieces and then poured into the crucible from the 
rear. The crucible was then placed in a furnace to melt the metal, graphite being 
dissolved from the crucible wall to form the eutectic composition. No additional 
graphite powder was added. Pieces of Pd wire were then repeatedly added and melted 
until the crucible was full.
(a) (b) (c)
Figure 6.5 The mini graphite crucible in an upside down position; (a) empty crucible 
with a cap (b) filled with small pieces of the cobalt wire and (c) eutectic composition 
after melting.
6.3.2.3 Preparation of the mini Ru-C immersion cell
The source metal for the mini-cell was a rod of ruthenium, of purity 99.98 % (metal 
basis) with 8  mm diameter. Spark erosion was employed to create Ru cylindrical 
rings and disks to fit in the larger graphite crucibles in Fig. 6.4 (b). The Ru pieces 
were smoothed with emery paper, polished and cleaned with acetone and distilled 
water before filling. The crucible was then put into a furnace and the metal melted. 
Pieces of Ru were repeatedly added and melted until the crucible was full, where it 
was found to contain approximately 17 g of Ru. Graphite powder was not added to the 
crucible; rather, graphite was dissolved from the crucible wall to achieve the eutectic
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composition. Fig.6 . 6  shows the mini graphite crucible in an up side down position 
with the Ru-C eutectic.
Figure 6 . 6  The mini graphite crucible in an up side down position showing the 
eutectic composition of Ru-C making from disks of Ru rod.
6.4 Thermal modelling
This section describes the results of thermal modelling of the mini-immersion cell 
used with the W/Re thermocouple. Thermal modelling was performed to better 
understand how thermocouples sense the melting temperature from the mini-crucible 
containing the eutectic material. The effect of furnace temperature gradients and 
temperature offset on the performance of the mini-cell was investigated. The 
modelling of the fixed point melting is performed with the same simulation method 
described in Chapter 3, Section 3.6. The thermal simulation was conducted for Ru-C. 
In addition, the simulation of the mini-multi cell will be introduced in Section 6.5.
6.4.1 Simulation of the melts
The melting simulation of the immersion cell for 1.5 mm type C thermocouple used 
for Co-C and Pd-C materials was explained in Chapter 3, Section 3.6.3. Here, the 
simulation was improved to be close to reality by adding a thermocouple into the 
thermometer well. Fig.6.7 shows the Comsol program model with axial symmetry 
drawing and its mesh and simulated results.
143
n
<1954 "C
1952 X
Figure 6.7 The first panel shows a photograph of the real device. The second and third 
panel is Comsol program representation with axial symmetry, subdomain drawing and 
its meshes. The fourth panel shows the flow of heat in the material ingot and the 
thermocouple sheath during phase transition. The fifth panel shows the temperature 
distribution during melting.
The thermal model in Fig.6.7 consists of 4 sub-domains of materials; the Ru-C ingot, 
the graphite crucible, the thermocouple sheath (tantalum) and the thermocouple 
insulator. The simulation data for the insulation material was taken as that of alumina 
because there is not enough information for hafiiia available. For simulation of melt, 
see detail described in Chapter 3, section 3.6.3. The latent heat of fusion of Ru-C was 
taken from the pure ruthenium which is 381810 Tg"\ Some material parameters for 
thermal simulation are listed in Table 6.1.
Material Melting Point
(K)
Specific heat 
capacity (J-kg'b
Thermal conductivity 
(W m-^Kb
Density 
(kg'mb
Ru-C 2227 241 115 12360
Tantalum 3293 143 58 16670
Graphite crucible 4763 918 135 2266
Insulation (AI2O3) 2345 907 35 3950
Table 6.1 The material properties used for Comsol thermal simulation [103].
The initial temperature (Tint) was set 2 °C below the Ru-C melting point (Tmeit) and the 
final temperature {Tf^ai) was set to be 15 °C above Tmeit- The outer wall of the crucible 
was heated from Tint to Tf^ai with a ramp rate of 2.5 K/min. In this study, the model
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was set to have zero thermal gradients across the crucible. The melting plateau begins 
when the Ru-C material has warmed up to its melting temperature.
The calculated temperature of the melt plateau of the Ru-C mini-cell as a function of 
time is shown in Fig.6 . 8  (a). The experimental results of the Ru-C mini-cell taken 
from the radiation thermometry and type C thermocouple are shown in Fig. 6 . 8  (b) 
and (c), respectively. The results from the radiation thermometry show good 
agreement to the thermal simulation. The ITS-90 temperature assignment to the Ru-C 
mini-cell by radiation thermometry will be described in Chapter 7, Section 7.3.3.
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Figure 6 . 8  The plateau of mini Ru-C cell, (a) The Comsol simulation, (b) The 
experimental results from radiation thermometry, (c) The experimental results from 
the type C thermocouple.
The slightly different results in Fig.6 . 8  may come from the different furnace 
temperature gradient and set up of protective insulation. The melting emf result taken 
from type C thermocouple was not as good agreement to the thermal model as the 
radiation thermometry because of the thermocouple instability. This happens because
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of the material degradation of thermocouple itself at high temperatures plus the high 
temperature gradient of the furnace used.
6.4.1 Simulation of melts with furnace temperature gradients 
and melting offset temperature
6.4.1.1 Modelling of fixed point behaviour in temperature gradients
The quality of the melting plateau is related to the temperature gradient of the furnace. 
A very high temperature graphite furnace was used in the Ru-C mini-cell 
measurements. The temperature gradient along centre of furnace was + 5 °C. The 
thermal simulation using Comsol was constructed to evaluate the effect of different 
temperature gradients along the mini-immersion cell. Fig.6.9 shows the melting 
plateau of the mini-immersion cell with different temperature gradients and Fig.6.10 
the temperature distribution during melting for temperature gradients (-5, 0, 5) °C . 
The melting temperature was taken at the centre of the thermometer well.
1956 ^ T e m p e r a t u r e  G r a d i e n t
-2.5
1955 -
2.5
1954 -
CL
H  1953 -
952
T i m e  /  a rb .  uni t
Figure 6.9 The simulation of the melting plateau of the mini-immersion cell with 
different temperature gradients.
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Figure 6.10 The simulation of the temperature distribution along the cell during 
melting for different temperature gradients (-5, 0, 5) °C
The positive temperature gradient along the cell i.e. +5 °C from the crucible bottom to 
the top give rises to the non uniform melting producing the less pronounced plateau. 
This is because additional heat flows into the cell through the thermocouple stem. The 
best result is for zero temperature gradient as expected but on the whole; temperature 
gradients appear to have little important on the performance of the mini-immersion 
cell for self-calibration.
6.4.1.2 Modelling of fixed point behaviour with different furnace temperature 
offsets
The simulation varied the final temperature {Tfmad of furnace from the melting 
temperature (melting offset, Tmeit) by 5°C to 30 °C when the temperature gradient 
along the cell was set to be zero. The heat rate was the same at 2.5 K/min. The higher 
furnace offset results in reducing the duration melting plateau because of the increase 
of heat flow to the colder cell. As melting offset higher, it increases of the heat flow 
in, during melts, and reduced the time for transition the solid to liquid. With a melting 
offset of > 10 °C, all fixed point melts before the furnace is ramping to reach the 
offset temperature. This can be seen in Fig.6.11. When the melting offset is 10 °C and 
above, the increase in furnace offset has a negligible effect on the melting plateau.
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Figure 6.11 The calculated melting curves of the miniature Ru-C cell when the 
furnace melting offsets are (2, 5, 7.5, 10, 15, 20, 30) °C above its melting temperature 
(1953 °C).
Another parameter to control the heat flow into the cell is the furnace temperature 
ramp rate. The melting curve characteristics of the miniature Ru-C cell experiencing 
difference furnace ramp rate from 1 °C to 30 °C and different temperature ramp rate 
are shown in Fig.6.12. As the ramp rate increases the duration of the plateau is shorter 
as expected.
Temperature ramp rate (°C/min)1 9 7 2 -
1968- 2.5
"L 1964-
2  1960- 
i  1956-
...... .
1952-
0 2 4 6 a 10 12 14 16 18 20
Time / arb. unit
Figure 6.12 The calculated melting curves of the miniature Ru-C cell when the 
temperature rarrip rate are (1, 2.5, 5, 10, 20, 30) °C with the same melting offset 15°C. 
Temperature gradient of all cases was set to be zero.
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The experimental results of the mini-immersion cell of Co-C, Pd-C and Ru-C for the 
self-calibrating thermocouple type C will be described in Chapter 7.
6.5 Multi-cells
Thermocouples are generally calibrated using a series of the standard fixed point cells 
for realization of the calibration value. For the self-calibration, using more than one 
mini-fixed point attaching to the thermocouple measurement junction and performing 
in-situ measurement in the same thermal conditions could be a more reliable method. 
The melting emf of two or more mini-fixed points can be monitored and compared. 
Then, the results of a mini-multi-cell could directly depend on the quality o f the 
thermocouple under test. Here, the first mini-multi-cell with the metal carbon eutectic 
for thermocouple self-calibration was studied.
The concept of multi-fixed point cell has been used at low temperatures since 2003. 
Sealed cryogenic fixed point cells in the temperature range from (2.18-216.6) K e.g. 
H2 , O2  or Ar were constructed. There were mounted with the same copper fiame 
where the thermometers were fitted into each cell [107]. In this way, several fixed 
point cells can be measured in one cryogenic system set up which is substantial 
improvement in the state of the art of the used of these fixed points. Fig.6.13 shows 
the multi-cell for cryogenic temperature application.
Figure 6.13 The assembly for four cryogenic fixed points and four thermometers 
[107].
A different design of the multi fixed point cell has been applied to radiation 
thermometry in 2007. The design is by using a coaxial arrangement of chambers
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containing the fixed point materials shown in Fig.6.14 [108]. This consisted of four 
alumina cylinders forming three axial chambers where the fixed point materials, tin, 
zinc and aluminium were placed. The outer material which was far from the black 
body cavity on this design still enabled a clear melting and freezing even though there 
were several layers of ceramics and metals because the material was covered the 
black body cavity.
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Figure 6.14 A design of the multi-cell for radiation thermometry [108].
In 2008, a three-in-one cell was developed for industrial platinum resistance 
thermometers and thermocouples to be used as transfer standards for secondary 
thennometer calibration [109]. The design was a single graphite crucible with three 
bean-shape holes for containing with fixed point materials; aluminium, silver and 
copper, as shown in Fig.6.15. The thermometer well was at the centre surrounded by 
the filling material along a parallel axis. The total length of this cell was 150 mm. The 
device was installed inside the quartz protected tube and graphite disks produced the 
heat shielding under an inert gas operation. A Pt/Pd thermocouple was used to 
evaluate the three-in-one cell. The expanded uncertainty (A=2) of the realization of 
this multicell design for the Cu point (1084 °C) was 0.24 °C plus an additional term 
from the inhomogeneity of the thermocouple. This uncertainty obtained from the 
multicell is considerably smaller than the comparison calibration in similar 
temperature.
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Figure 6.15 The top view (a) and the side view (b) of the multi-fixed-point-cell, (c) 
the photograph of entire construction of the multi cell including a quartz protection 
tube [109].
6.5.1 Mini-multi cells for thermocouple self-calibration.
This section describes the design and thermal modelling for a mini-multi fixed point 
cell for the thermocouple self-calibration. After the single mini-immersion cell for the 
self-calibration of the W/Re thermocouple was developed for the purpose of 
calibration in-situ, an outline design of a multi-mini cell for the W/Re thermocouple 
was elaborated. This contains a stack layer of different eutectic materials in the same 
crucible. The prototype of the mini-multi cell was developed from the mini graphite 
crucible used for the thermocouple type C diameter 1.5 mm. The separation barrier 
between the two eutectic materials was made of a thin graphite disk. Two available 
eutectic materials; cobalt-carbon and iron-carbon were selected to prove the concept. 
The measurement results are described in Chapter 7.
6.5.2 Modelling of mini-multi cells fixed point behaviour
The thermal modelling was performed to predict the performance of the new design 
of the multi-mini cell. Fig.6.16 shows the thermal modelling of the mini-multi-cell of 
Co-C and Fe-C. The initial temperature {Tm^ ) was set 2 °C below the first material
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Fe-C melting point 1153 °C) and the final temperature {Tfinal) was set to be 15
K above the melting point of second material Co-C 1324 °C). The outer wall
of the crucible was heated from 7 ^  to Tjinai at a ramp rate of 5 °C /min. The thermal 
gradient was set at zero. It was found that this design of the mini-multi cell could be 
possible to use for thermocouple self- calibration at different temperature. For this 
mini design, the thermal environment of the furnace can assumed to be the same due 
to the small temperature interval between the two fixed-points (171°C).
:o -C  (1324 C )
— Mini-multi-cell
: Fe-C (1154 C)
Time / arb, unit
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Figure 6.16 The thermal modelling results of typical melts of the mini-multi-cell 
containing Co-C and Fe-C fixed point materials.
6.5.3 Fabrication of a mini-multi cell
The crucible was the same format as that used for the smaller mini cell used for Co-C 
shown in Fig.6.4 (a). The total length of the cell was 18.5 mm and the diameter was 
10 mm. The internal volume was 0.36 cm^ The crucible was made from 99.9999% 
purity graphite. A disk of graphite was prepared to separate two fixed point materials. 
All graphite components were cleaned by baking at 1500 °C for 5 hours. The mini­
cell was filled in the up-side down position first with Fe-C then the graphite disk was 
place on the top of the Fe-C and then Co-C.
The Fe-C material was prepared by mixing the Fe (99.998%) and high purity graphite 
(99.9999%) powders at approximately the eutectic composition (~4.2mass%carbon). 
For filling the half volume of the cell (-0.18 cm^), the calculated weight of about 1.1 
g of Fe-C material was used to fill of the half cell volume. After it was filled with
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eutectic powder mixture, this crucible was heated for about 1 hour in an argon 
atmosphere to temperatures above its eutectic temperature (1153°C) by about 20 °C 
and then cooled to room temperature. After the mini-cell was cooled, the graphite disk 
was placed on top of the Fe-C. The small space was left between Fe-C and the 
graphite disk to allow for the expansion of Fe-C at high temperatures.
After installation of the graphite disk into the half-filled cell, the Co-C powder 
mixture was placed into the crucible. The Co-C material was prepared by mixing Co 
powder of purity 99.995% (metal basis) and high purity graphite powder of purity 
99.9999% at approximately the eutectic composition (~2.6mass%carbon). Then the 
mini-crucible was heated for about 1 hour above its eutectic temperature (1324°C) to 
temperatures of about 20 °C in an argon atmosphere and then cooled to room 
temperature. The Co-C powder mixture was repeatedly added and melted until the 
crucible was full, containing approximately 1.3 g of Co-C. The bottom cap was 
closed. The sectional view of the mini-multi-cell, with two materials, for self- 
calibrating type C thermocouples and a graphite disk used to transform the single mini 
crucible into a mini-multi-cell is shown in Fig.6.17. The investigation of this device 
will be discussed in Chapter 7.
Figure 6.17 Sectional view of the mini-multi-cell of two materials with a graphite disk 
used to transform the single mini cell into the multi-cell.
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6.6 Summary
This chapter describes the design and fabrication of the miniature eutectic fixed point 
cells for the self-calibrating W/Re thermocouples (type C). The fabrication of the 
miniature immersion cell of Co-C, Pd-C and the larger cell Ru-C was described and 
thermal simulation of the miniature immersion cell was resulted. Then the multi-fixed 
point cells used for thermometry metrology were reviewed. The design and thermal 
modelling of a multi cell for thermocouple self-calibration containing layers of Fe-C 
and Co-C eutectic materials were discussed. The experimental results of all devices 
described here will be explained in Chapter 7.
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Chapter 7 
The use of mini-cells with W/Re 
thermocouples
7.1 Introduction
In this chapter, the measurement and results of three high temperature mini-fixed 
points based on metal-carbon eutectic alloys; Co-C (melting point 1324 °C), Pd-C 
(melting point 1492 °C) and Ru-C (melting point 1954 °C) for self-calibrating type C 
thermocouples are described. The structure of this chapter is; firstly, the measurement 
set up for investigation of the self-calibrating thermocouple will be explained, 
including measurement of the furnace temperature profile, and the measurement 
conditions. Secondly, the repeatability measurement and thermal environment effect 
measurement will be described. Thirdly, an evaluation of the self-calibrating 
temperature values and their associated measurement uncertainty will be discussed. 
Finally, the first measurements of a prototype of the multi eutectic fixed point cell for 
type C thermocouple self-calibration will be described. The construction and design 
of the eutectic fixed point cells used for thermocouple self-calibration are given in 
Chapter 6 .
7.2 Measurement set up
The Co-C and Pd-C fixed point cells were studied with mineral-insulated metal sheath 
(MIMS) type C thermocouples of diameter 1.5 mm. For the Ru-C cell, the diameter o f 
the thermocouple was increased from 1.5 mm to 3.0 mm. This is because of the 
poorer insulation properties of the Hafhia insulator in smaller diameter which lead to 
the shunting effect described in Chapter 6 , Section 6.3.1. The integration of the type C 
thermocouple with the mini-immersion cells of Co-C cell, Pd-C cell and Ru-C cell are
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shown in Fig.7.1. The mini-immersion cell fabrication and thermal modelling was 
explained in Chapter 6 , Section 6.3 and 6.4.
(a) (b)
Figure 7.1 The mini-immersion cells used as the self-calibrating device for the type C 
thermocouple: (a) the Co-C (or Pd-C) cell integrating with the MIMS type C 
thermocouple diameter 1.5 mm, (b) the Ru-C cell integrating with the MIMS type C 
thermocouple diameter 3.0 mm.
The emf output of the type C thermocouple was investigated by performing melting 
and freezing measurements of the ingot materials. The measurement junction 
assembly shown in Fig.7.1 was placed in the most uniform region of a high 
temperature furnace and did not touch any part of the furnace work tube. The 
thermocouple reference junction was kept at the melting temperature of ice, and the 
thermocouple output was recorded using a Keithley 2182A nanovoltmeter. Two 
furnaces were used. One was a vertical furnace (maximum operating temperature 
1800 °C) used for the measurement of the miniature Co-C and Pd-C cell. Another 
furnace was a high temperature graphite furnace (maximum operating temperature 
2200 °C) used for the measurement of the miniature Ru-C cell. The measurement set 
up for the two different arrangements is described below.
7.2.1 Measurement set up with the Co-C and Pd-C mini-fixed 
point cells
A vertical tube furnace (single zone heating element) was used for all the 
measurements in order to evaluate the quality of the fixed point plateau in a high 
temperature gradient such as that in a typical industrial application. The temperature
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uniformity over the central 5 cm of the fiimaee was approximately ± 4 °C. An inert 
atmosphere was maintained by passing a gentle flow of argon gas through the furnace 
work tube to protect the graphite crucible. The selected rate of temperature change 
was 4 °C /min. During all experiments, the same type C thermocouple diameter 1.5 
mm was used. Fig.7.2 shows a schematic diagram of the furnace and its temperature 
profile used for investigation the Co-C and Pd-C mini-fixed point cells. The furnace 
temperature profile was measured by scanning the reference type R thermocouple 
through the furnace working tube at temperature approximately 1300 °C.
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Figure 7.2 A schematic diagram of the vertical furnace and its temperature profile. 
This furnace was used for testing the self-calibrating type C thermocouple with the 
Co-C, Pd-C and the multi-fixed point cell. The immersion depth of the thermocouple 
was 280 mm from the furnace entrance.
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7.2.2 Measurement set up for Ru-C
A high temperature graphite furnace having carbon-carbon composite heating element 
was used for measurements at the Ru-C cell. A schematic diagram and its temperature 
profile of the furnace are shown in Fig.7.3. The temperature control of furnace was a 
dual system. The thermocouple control system was used at temperatures below 1500 
°C and auto switching to a pyrometer control system at higher temperatures. The 
furnace has large amount of graphite felt insulator, keeping heat loss to a low level. 
The temperature uniformity over the central 5 cm of the furnace was approximately ± 
5°C.
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Figure 7.3 A schematic diagram of the high temperature graphite furnace and its 
temperature profile. This furnace was used for testing the self-calibrating 
thermocouple type C for the Ru-C cell. The immersion depth of the thermocouple was 
250 mm from the furnace wall.
158
The furnace operates as follows. Initially, it was pumped to vacuum state (pressure 
<0.01 mbar). After that an inert atmosphere was maintained by passing a gentle flow 
of argon gas through the furnace to protect the fixed point crucible, graphite insulation 
and furnace heating elements. The selected rate of temperature change was 2.5 °C 
/min. During all experiments, the same type C thermocouple with 3.0 mm diameter 
was used. The reference junction was kept at the melting temperature of ice, and the 
thermocouple output was recorded using a Keithley 2182A nanovoltmeter.
7.3 Results and discussion
The measurement results with the mini-fixed point cells divided into two main 
aspects: the repeatability and the thermal environment effect.
The repeatability measurement was investigated by undertaking repetitive 
measurements of several melts when the furnace was set at the same melting offset. 
The melting emf associated with metal-carbon eutectics is generally taken to be the 
point of inflection of the melting plateau [23, 24, 110, 111]. The repeatability value 
was taken from the standard deviation of the point of inflection of the melt.
The thermal environment was investigated to evaluate how the change of the himace 
environment affects the melting emf. The effect of the thermal environment on the 
melting curves was performed by varying the furnace melting offset temperatures.
The measurement results of the miniature cells of Co-C, Pd-C and Ru-C are described 
in following sections.
7.3.1 The mini-immersion cell of Co-C
7.3.1.1 Repeatability of the Co-C mini-fixed point cell
The measurement set up for the Co-C mini-cell with the 1.5 mm diameter type C 
thermocouple self-calibration was shown in Fig.7.2. The furnace was ramped to a 
specified ‘melting offset’ temperature (i.e. a specified temperature difference above 
the melting temperature), resulting in an indicated temperature increase (emf 
increase), until the melting temperature is reached. Then, as the metal ingot absorbs 
the latent heat of melting, the indicated temperature (emf) remains approximately
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constant at the melting temperature. When the ingot was completely melted, the 
indicated temperature (emf) rises to that of the furnace temperature setting. After that, 
the furnace was ramped down to a specified ‘freezing offset’ temperature (i.e. a 
specified temperature difference below the freezing temperature). This results in an 
indieated temperature (emf) decrease, until the fumaee goes below the freezing 
temperature of the ingot. The material undercools; then when nucléation starts, the 
temperature (emf) rises to the freezing temperature due to the release of latent heat, 
and the freezing plateau is observed. When freezing is complete the indicated 
temperature drops rapidly to the furnace temperature. The entire cycle was then 
repeated.
Fig.7.4 shows the plateau behaviour of the device when the furnace was ramped up 
and down to Co-C melting temperature. The repeatability of the self-calibrating type 
C thermocouple (melt-to-melt) was found to be within 1.2 pV or 0.1 °C. The 
sensitivity of the type C thermocouple at Co-C (1324 °C) is about 16 pV / °C.
23950 -I
5K23900 -
23850 -
Z  2 3 8 0 0 -
® 2 3 7 5 0 -
23700 -
p  2 3 6 5 0 -
23600 -
23550
140100 120806040200
Time / min
Figure 7.4 Repeated melts and freezes of the miniature Co-C fixed point, measured 
with the type C thermocouple [104].
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7.3.1.2 Thermal environment effect on the Co-C mini-fixed point cell
The effect of the thermal environment on the melting curves was investigated here by 
using different ‘melting offset’ temperatures. Fig.7.5 shows the emf at the melting 
plateau of the miniature Co-C cell with the various melting offset temperatures.
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Figure 7.5 The melting emf values as a function of the offset temperature of the 
furnace. The slope of the dashed line is 1.1 pV / °C for the miniature Co-C cell. Bars 
represent the type A uncertainty associated with each point (^ = 1).
The melting emf decreases towards the actual melting temperature emf as the fumaee 
offset temperature decreases. The dependence between the furnace offsets and the 
thermocouple emf output shows good linearity. The dashed line in Fig.7.5 is the line 
of best fit whose slope is 1.1 pV / °C or 0.07 °C / °C. Thus, for every 1 °C of furnace 
offset from the melting temperature, the emf value will increase by 70 mK. This is 
results in a small shift in output even when a large furnace offset is imposed, typically 
only a few tenths of a degree Celsius. This order of magnitude is generally 
insignificant in industrial measurement practice.
In Fig.7.5, the intercept of the line of best fit with the abscissa offset temperature 0 °C 
indicates the melting emf when the furnace offset temperature was 0 °C, i.e. if the 
melt was performed with minimal fiimace offset. For this particular thermocouple the
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self-calibration emf is 23811 pV, which is approximately 107 pV or 7 °C below the 
reference emf value for type C thermocouples at 1324 °C [34]. It should be noted that 
the tolerance of new type C thermocouples is 1 % corresponding to about 13 °C at the 
Co-C melting temperature. For such a small cell, using a mass of only about 2.8 g of 
Co-C alloy which is just 2 % of the NPL standard size Co-C cell (163g) [26], these 
results indicate that the use of miniature cells for self calibration of type C 
thermocouples would definitely lead to a step change reduction in the uncertainties 
associated with industrial high temperature thermometry by in-situ calibration of the 
thermocouple.
7.3.2 The mini-immersion cell of Pd-C
7.3.2.1 Repeatability of the Pd-C mini-fixed point cell
Fig.7.6 shows the plateau behaviour for the miniature Pd-C cell with the 1.5 mm type 
C thermocouple. The measurement set up to perform the melt and fi e^eze cycles was 
the same as that for the Co-C cell. When the furnace warms to the melting offsets, this 
results in an increase in thermocouple output, in line with the increasing furnace 
temperature until the melting point is reached. After the ingot was completely melted, 
the ingot temperature rises to that of the furnace. Then the furnace is cooled down to a 
given ‘fi-eezing offset’ temperature. The thermocouple output decreases, until the 
furnace goes below the fireezing temperature of the ingot. A deep undercool was 
observed for the Pd-C , showing that the metal is remaining in the liquid phase even 
though the fiimace temperature is about 15 °C below the freezing temperature. After 
nucléation starts, the thermocouple output rises, due to the release of latent heat, and 
the freezing plateau is observed. When freezing is complete the thermocouple output 
drops rapidly to the fiimace temperature. Then the entire cycle was repeated.
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Figure 7.6 Repeated melts and freezes of the Pd-C miniature cell, measured with the 
1.5 mm diameter type C thermocouple.
The measured emf was determined from the point of inflection of the melting plateau. 
The repeatability of the measured emf was 2.3 pV or 0.15 °C. The sensitivity of the 
type C thermocouple at Pd-C 1492 °C is 16 pV/°C.
13.2.2 Thermal environment effect on the Pd-C mini-fixed point cell
Fig.7.7 shows the emf at the melting plateau of the miniature Pd-C cell with the 
various furnace offset temperatures. The intercept of the line of best fit with 
temperature offset 0 °C indicates the melting emf if the melt were to be performed 
with minimal furnace offset. For this particular thermocouple this emf is 26320 pV, 
which is approximately 285 pV or 18 °C below the reference emf value of type C 
thermocouples at 1492 °C [34]. As stated before the manufacturer tolerance for new 
type C thermocouples is 1%, which corresponds to an uncertainty of about 15 °C at 
the Pd-C melting temperature. In this study, the thermocouple was somewhat out of 
tolerance. This is probably because the thermocouple was not new and had previously 
been used for several hours above 1300 °C for the Co-C measurements. However, 
these results show the great value of in-situ calibration for, even with only 4 g of 
eutectic alloy, the offset of type C thermocouples can be readily determined. The 
dashed line in Fig. 7.8 is the line of best fit whose slope is 4.0 pV/ °C or 0.25 °C / °C.
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Thus, for every 1°C of furnace offset from the melting temperature, the emf value will 
increase by only 0.25 °C. The relationship between the furnace offsets and the 
thermocouple emf output shows good linearity for the miniature Pd-C cell.
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Figure 7.7 The melting emf values as a function of the offset temperatures of the 
furnace. The slope of the dashed line is 4.0 pV/ °C for the miniature Pd-C cell. Bars 
represent the type A uncertainty associated with each point {k = 1).
7.3.3 The mini-immersion cell of Ru-C
7.3.3.1 Repeatability of the Ru-C mini-fixed point cell
A series of measurements with the same melting offset temperature of approximately 
15 °C and freezing offset temperature of approximately 30 °C are shown in Fig.7.8. 
The melting emf was taken as the point of the inflection of the melting curve range. 
The results show a significant drifting of the thermocouple output (from melt to melt) 
even for just a short period of the measurement. The short term drift from the 
repeatability measurements was found to be 7.1 pV/ h or 0.6 °C / h. This is because 
of material degradation problems over heating cycles at high temperature; the 
degradation of the thermocouple wire and the shunting effect of hafnia insulation 
material [51-53, 112]. In addition, the heat conduction error and the high temperature 
gradient of the furnace also influence the stability of thermocouple.
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Figure 7.8 A repeated series measurement of melting and freezing measurement 
plateau of the 3 mm diameter type C thermocouple in a Ru-C mini-cell.
In the case of in-situ calibration at a particular time of measurement, the repeatability 
of this type C thermocouple was determined by offsetting the drift during 
measurement. The repeatability of the melts over 6  measurements after offsetting the 
drifts was within 9.2 pV or 0.7 °C. The sensitivity of the type C thermocouple at Ru- 
C 1953°C is 13 pV/°C. The average melting emf determined from the curves shown 
in Fig.7.8 is 31938.1± 9.2 pV which is 88.5 °C below the reference value, hugely 
different from the reference function allowing tolerance of the new type C 
thermocouple of ±  20 °C at 2000 °C.
7.3.3.2 Thermal environment effect on Ru-C mini-fixed point cell
The thermal environment effect on the thermocouple output was investigated in the 
same way as the measurements for the miniature Co-C and Pd-C cells. Unlike the 
miniature Co-C and Pd-C where the melting emf is proportional to furnace offset 
[104, 105], here there is no clear thermal effect relationship for the miniature Ru-C 
fixed point. This is because larger Ru-C fixed point cell containing more fixed point 
material could be more completely melting for any fiimace offsets. In addition, the 
larger thermocouple diameter also reduces the shunting effect as described in Chapter 
6 , Section 6.3.1. Fig.7.9 shows the melting emf as a function of the offset temperature
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of the furnace. As the offset increases, the melting emf varies either by reducing or 
increasing. The uncertainty component due to the thermal environment effect was 
taken to be half the maximum deviation of the melting emf over the measurements. 
The value was 14 p-V or 1.1°C.
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Figure 7.9 The melting emf as a function of the melting offset temperature of the 
furnace. Bars represent the type A uncertainty associated with each point {k = 1).
7.33.3 Long term stability study of the type C thermocouple
The long term stability of a 3 mm diameter type C thermocouple after exposed to 
temperatures above 1900 °C was studied the Ru-C mini-fixed point cell. The melting 
emf of a brand new type C thermocouple integrating with the miniature Ru-C cell was 
monitored during numerous furnace heating cycles around the melting point of the 
Ru-C fixed point (1953 °C). The time refers to the duration at which the type C 
thermocouple was exposed to temperatures higher than 1900 °C. Data over a period of 
15 days measurement was evaluated. At the end of each day the fumaee was cooled 
down to the room temperature. The melting emf at the Ru-C was taken as the point of 
inflection in the Ru-C melting curve. A summary of the data is shown in Fig.7.10.
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Figure 7.10 The melting emf of the miniature Ru-C cell measured by the new type C 
thermocouple as a function of time. The reference emf at the melting point of Ru-C 
(1954 is 33100 [34].
This thermocouple exhibits an emf shift corresponding to about 90 °C from the 
standard reference value [34] after the first 5 hours of exposure at high temperature 
above 1900 °C. This significant shift results from the relaxation of the strain 
hardening introduced by the manufacturing process and the inter-diffusion at high 
temperature of thermocouple materials e.g. rhenium and oxygen (i.e. from hafnia 
thermocouple insulator) [53]. It is clear that to get the best performance for a W/Re 
thermocouple it should be annealed at just over its maximum used temperature at least 
5 hours before use. After 5 hours, the thermocouple becomes more stable. The 
thermocouple is stable within + 5 °C on the last period of 40 hours of this 
measurement.
7.3.3.4 ITS-90 temperature assignment to the Ru-C mini-fixed point cell
An ITS-90 temperature was assigned to the miniature Ru-C fixed point cell by 
radiation thermometry. Due to the small crucible diameter of the mini-cell comparing 
to the normal blackbody cell, the cell holder was fabricated by machining high purity 
graphite to fit the mini-cell in the horizontal high temperature furnace used in 
radiation thennometry. The graphite cell holder, furnace, insulation pieces, and
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flexible graphite foil were purifled by baking at 2000 °C in vacuum for at least an 
hour before installation. To measure the melting temperature of the cells, a small 
target size, silicon photodiode-based pyrometer, the LP3 was used [113-115]. The 
assigned ITS-90 temperature of the miniature Ru-C cell was 1952.98 °C. The overall 
uncertainty from radiation thermometry measurement is 1.0 °C (coverage factor &=2). 
Fig.7.11 shows radiation thermometry measurements of the miniature Ru-C fixed 
point cell. The miniature Ru-C cell for use with the type C thermocouple shows the 
excellent performance with the repeatability of melts within 0.2 °C. It is clear that the 
plateaus measured by the thermocouple with the same cell are the significantly 
degraded by the thermocouple characteristic (cf. Fig.7.8). From Fig.7.11, this Ru-C 
mini-fixed point cell remains high performance even it was used as the immersion cell 
for the type C thermocouple for impractical measurement study for many hours.
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Figure 7.11 Radiation thermometry measurements of the miniature Ru-C fixed point 
cell.
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7.3.4 Measurement Uncertainty
The measurement results of the miniature Co-C, Pd-C and Ru-C fixed point cells with 
type C thermocouples are summarised in Table 7.1. The repeatability and thermal 
environment effects of the device increase for the measurement at higher fixed point 
temperatures.
Fixed point Melting temperature
rc)
Repeatability
(|iV),
Thermal environment 
effect (|j,V/°C), k=\
Co-C 1324 1.2 1.1
Pd-C 1492 2.3 4.0
Ru-C 1953 9.2 14.0
Table 7.1 Summary of the measurement results of the miniature of Co-C, Pd-C and 
Ru-C with type C thermocouples.
The details of uncertainty evaluation are explained in Chapter 3, Section 3.4.3. For the 
measurement performed here these are summarised in Table 7.2. As the calibration is 
performed in-situ, in this case the thermoelectric inhomogeneity can be omitted firom 
the uncertainty budget. This causes a very large decrease in the calibration uncertainty 
for the type C thermocouple.
Fixed point : Co-C Pd-C Ru-C
Melting point (°C) 1324 1492 1953
Type A
(1) Repeatability o f melting emf, pV 1.2 2.3 9.2
TypeB
(2) Plateau determination, pV 0.6 0.6 0.6
(3) Thermal environment, pV 0.6 2.4 8.1
(4) Eutectic temperatures, pV 3.5 5.8 6.5
(5) Voltmeter calibration, pY 0.3 0.3 0.3
(6) Spurious emf, pV 0.3 0.3 0.3
(7) Ice point uncertainty, pV 0.1 0.1 0.1
Combined uncertainty (^ 1 )  /pV 3.8 7.0 13.9
Combined uncertainty (Ar=2) /pV 7.6 14.0 27.8
Temperature equivalent (A=2) /  °C 0.5 0.9 2.1
Table 7.2 Summary of uncertainty contributions and the combined uncertainty {k =2) 
for self-calibration of the measurement of the type C thermocouples at the miniature 
cell o f Co-C, Pd-C and Ru-C.
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The repeatability was taken from the standard deviation of the several melting emf 
'measurements at the same furnace temperature offset. The uncertainty associated with 
determining the plateau at the point of inflection was 1.0 (aV. The thermal 
environment effect was taken from the investigation of this effect on the furnace 
offset temperature to the melting emf. All three eutectic temperatures was realised at 
NPL radiation laboratory whose temperature assigned uncertainty {k=l) was 
equivalent to 0.22°C (3.5 pV), 0.36°C (5.8pV) and 0.5 °C (6.5pV) for Co-C, Pd-C 
and Ru-C respectively. The calibration of the voltmeter and its spurious emf are 0.5 
pV. The uncertainty due to the ice point stability is 0.01 °C or 0.13 pV. All 
uncertainties given here are standard uncertainties, i.e. at the k=\ confidence level.
The results and associated uncertainty endorse the utility of the self-calibrating of the 
type C thermocouple by employing the eutectic fixed point cells of Co-C, Pd-C and 
Ru-C for the measurement temperature to 2000 °C. This measurement method at all 
cells gives about factor of two lower uncertainty than that comparison method for 
type C thermocouple reported in [51].
7.4 The use of mini-multi fixed point ceil
The mini-multi fixed point cell for the the self calibrating thermocouple are 
investigated. This contains the different eutectic materials (Fe-C and Co-C) in the 
same crucible. This was devised to see
a) if  it is possible to develop such a small multi-cell,
b) if  the change in thermocouple voltage with temperature of the multi-fixed 
point cell could be measured.
The multi-cell design, fabrication and thermal modelling can be found in Chapter 6 , 
Section 6.5.3.
7.4.1 Measurement
The type C thermocouple used to test a mini-multi fixed point cell was a mineral 
insulated metal sheathed (MIMS) diameter 1.5 mm with length of 375 mm (the same 
model that was used for the miniature Co-C and Pd-C).The sheath material was 
molybdenum and the insulator material was hafiiia (Hf0 2 ). The graphite crucible was
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the same design as the Co-C and Pd-C cells reported previously but it had the graphite 
sheet to separate the two materials in the perpendicular plane to the thermometer well. 
The thermocouple was inserted and fitted to a finished miniature cell containing Fe-C 
and Co-C to make a self-validating device as shown in Fig.7.12.
Figure 7.12 (a) An arrangement of the self-calibrating thermocouple with the mini- 
multi fixed point cell, (b) A longitudinal cross section of the mini-cell showing the 
materials inside.
The assembly above was positioned so that the fixed point cell was in the most 
uniform region of the vertical high temperature furnace and did not touch any part of 
the furnace wall. This furnace was the same as the furnace used with the Co-C and 
Pd-C single cell measurements. The measurement set up is shown in Fig.7.13. The 
work tube of this furnace is 25 mm in diameter and 350 mm in length. The 
temperature uniformity over the central 5 cm is approximately + 4 °C. A gentle flow 
of argon gas was passed through the furnace work tube as the protective atmosphere. 
The rate of any temperature change was 4 °C / min. During all experiments, the same 
type C thermocouple was used. The reference junction was immersed in a Dewar of 
crushed melting ice and the thermocouple output was recorded using a Keithley 
2182A digital nanovoltmeter.
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Figure 7.13 The vertical furnace used for testing the type C thermocouple with the 
mini-multi fixed point cells of Fe-C and Co-C.
7.4.2 Results and discussion
The plateau behaviour of the mini-multi fixed point cell of Fe-C (melting point 1153 
°C) and Co-C (melting point 1324 °C) when the furnace warms up from a temperature 
below the melting point of Fe-C to a temperature above melting point of Co-C is 
shown in Fig.7.14. When the furnace warms up to the melting offsets, this results in 
an increase in thermocouple output, corresponding to the increasing furnace 
temperature, until the Fe-C melting point is reached. The melt of Fe-C is observed. 
After the Fe-C was completely melted, the thermocouple output increases, until the 
Co-C melting point is reached when the Co-C melt is observed. After the Co-C 
melting finishes, the emf rises to the melting offset temperature. Then the furnace is 
cooled down to initiate the freeze. When Co-C freezing is completed the emf drops 
rapidly to the freezing offset temperature. The characteristics of melt and freeze of the 
multi-fixed point cells of Co-C and Fe-C are described in following section.
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Figure 7.14 Typical melt and freeze of the miniature multi-cell of Fe-C and Co-C, 
measured with type C thermocouple.
7.4.2.1 Repeatability of the mini-multi fixed point cell
This entire cycle was repeated by setting the melting /freezing offset for each 
material. Fig. 7.15 shows the plateau behaviour of the device when the furnace was 
ramped up and down to Fe-C and Co-C melting temperature. Temperature overshoots 
were observed at the beginning of every melt of this multi-fixed point cell. This is 
probably because thermocouple measurement junction was half surrounded by an area 
of the phase transition material and another half surrounded by an area of the solid of 
Co-C during the Fe-C melts or the liquid of Fe-C during the Co-C melts. 
Consequently, the heat from the furnace conducts through the other material. 
Therefore, the thermocouple is sensitive to the temperature overshooting from the 
furnace. During cooling, a broadened freezing and much lower temperature than 
melting is observed. This is because insufficient immersion of the thermocouple 
measurement junction due to freezing material does not propagate through the entire 
thermometer well.
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Figure 7.15 Typical melts and freezes of the miniature multi-cell of Fe-C and Co-C, 
measured with type C thermocouple.
The repeatability was taken as the point of inflection of the several melting 
measurements. The repeatability of the type C thermocouple (melt-to-melt) was found 
to be 1.8 pV or 0.11 °C for the Fe-C and 1.5 pV or 0.10 °C for the Co-C. Fig.7.16 
shows the measured emf, determined from the point of inflection of the melting 
plateau, for a number of realisations of the Fe-C and Co-C.
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Figure 7.16 A series of melting emf of the type C thermocouple for the miniature Fe- 
C cell and Co-C. Bars represent Type A uncertainty associated with each point (A=l).
7.4.2.2 Thermal environment effect of the mini-multi cell
Fig. 7.17 and 7.18 show the emf at the melting plateau of the miniature Fe-C and Co- 
C fixed point cells with various furnace offset temperatures. The intercept of the line 
of best fit with temperature offset 0 °C indicates the melting emf if the melt were to 
be performed with minimal furnace offset. For the Fe-C, the emf is 20925 pV, which
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is approximately 83 pV or 5 °C below the reference emf value of type C 
thermocouples at 1153 °C [34].
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Figure 7.17 The melting emf values as a function of the offset temperatures of the 
furnace of the miniature Fe-C. Bars present Type A uncertainty associated with each 
point (Af=1 ).
For the Co-C, the emf is 23805 pV, which is approximately 113 pV or 7 °C below the 
reference emf value of Type C thermocouples at 1324 °C [34]. The relationship 
between the furnace offsets and the thermocouple emf output shows good linearity for 
both cells. The solid line is the line of best fit whose slope is 4.0 pV/ °C or 0.25 °C / 
°C for Fe-C and 9.0 pV/ °C or 0.6 °C / °C. Thus, for every 1°C of furnace offset from 
the melting temperature, the emf value will increase by 0.25 °C for the Fe-C and by
0.6 °C for the Co-C respectively.
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Figure 7.18 The melting emf values as a function of the offset temperatures of the 
furnace of the miniature Co-C. Bars present Type A uncertainty associated with each 
point (A=l).
It is clear that the new designed multi-cell is a feasible solution for the self-calibration 
application. However, the thermometer well should be re-designed to allow equal area 
of the fixed point material around the thermocouple measurement junction.
7.5 Summary
In this chapter, the measurement results of the immersion miniature fixed point cells 
for the use with type C thermocouples was described. The miniature Co-C, Pd-C, Ru- 
C fixed point cells were investigated their feasibility solutions for self-calibration of 
type C thermocouples. The results indicate good performance for such a small cell, 
with only limited sensitivity to fumaee environments. It is clear that this self­
calibration approach, if implemented, could for all practical purposes eliminate in use 
drift. This leads to a major improvement in high temperature measurement to 
industrial process control. The prototype mini-multi fixed point cell containing Fe-C 
and Co-C materials in one cell was also investigated and the multiple realisation of 
the se lf  calibration method was demonstrated.
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Chapter 8 
Thesis Review
8.1 introduction
Within this thesis, a number of approaches to improve high temperature measurement 
using thermocouples have been investigated. The high temperature thermocouples 
that have been investigated include the noble metal thermocouple (type R), the 
elemental thermocouple (Pt/Pd) and the refractory metal thermocouple (type C), all 
with the objectives of better characterisation and uncertainty reduction, with the target 
of demonstrating the feasibility o f improving high temperature contact thermometry 
in-situ at temperatures up to 2000 °C.
The research hegan with a comparative performance study between the noble metal 
and elemental thermocouple. It then focused on different approaches to reducing 
measurement uncertainty by in-situ calibration of the thermocouple using the 
miniature high temperature fixed points. The results of this thesis have demonstrated 
the way forward to improved high temperature contact thermometry measurement 
with thermocouples.
8.2 Conclusion
A comparative study between the Pt/Pd thermocouple with the conventional noble 
metal type R thermocouples was undertaken to quantitatively demonstrate the 
enhanced performance of the new elemental thermocouple was carried out in 
Chapter 4. In order to study their thermoelectric stability and homogeneity, a Pt/Pd 
thermocouple, a special type R  thermocouple which was given the same preparatory 
treatment as the Pt/Pd thermocouple, and a conventional normal type R thermocouple, 
were constructed and evaluated at regular intervals during a 500 h ageing programme 
at 1350 °C. The thermoelectric stability was measured every 100 h at the Ag (962 °C)
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and Co-C (1324 °C) fixed points. It was found that the Pt/Pd thermocouple showed 
substantially better stability than the two type R thermocouples. In addition, it has 
been shown for the first time that the removal of the strain relief coil and direct 
welding of the measurement junction had no detrimental effect on the performance of 
the Pt/Pd thermocouple. The special type R thermocouple, which was given the same 
preparatory treatment as the Pt/Pd thermocouple, showed better stability and 
homogeneity than the normal type R thermocouple.
The thermoelectric homogeneity o f the thermocouple was measured by immersion 
measurements at the Ag fixed point and by the heat scan method. It was found that a 
deeper uniform temperature source was required, compared to the Ag fixed point, to 
properly investigate the inhomogeneity effect by the immersion method. The heat 
scan method can scan a wide range over long thermocouples and has improved 
inhomogeneity characterisation compared to the Ag point immersion approach. It was 
seen that after 500h of ageing, the Pt/Pd thermocouple remains considerably more 
homogeneous (-0.05%) than either of the type R thermocouples. The special type R 
inhomogeneity was 0.07% whereas the normal type R was 0.14% which is nearly 
three times worse than that o f the Pt/Pd thermocouple.
Chapter 5 reports the initial development of self-calihration methods for high 
temperature measurement. The ''integrated c e ir  method was followed in that chapter. 
Here the fixed point cells are integrated with, and indeed formed the measurement 
junction. Four fixed point materials were investigated; Ag and the following metal- 
carbon eutectic fixed point cells of Co-C, Fe-C (1153 °C) and Pd-C (1492 °C). One 
of the findings of this study was that due to the strong bonding to graphite, ingots of 
metal-carbon eutectic fixed points are better suited to this application than pure fixed 
point materials.
The initial experimental finding was that there was a significant influence of the 
thermal gradient within the fiimace upon the performance of the integrated fixed point 
cells. Therefore, the length of the cells was halved to reduce the temperature gradient 
along the cell. The closer the thermoelements are to one another means that clearer 
signals are generated. Making the cell shorter mitigates the furnace gradient problem, 
but did not eliminate it completely as was found when using a vertical furnace that 
had poor thermal gradients. In those conditions it was found that the realised
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temperature was prone to an offset if  placed in the very steep temperature gradient. 
Nonetheless, the experimental results show good repeatability of melting plateaus for 
monitoring calibration drift of the sensor in-situ. One final finding was that for given 
thermal conditions the resistance of each material to the thermal environment was 
different dependent upon to the amount of ingot material and in particular the thermo 
physical properties of the materials i.e. Fe-C and Pd-C, which have lower thermal heat 
capacity, shows worse performance than Co-C.
However this approach has a fundamental limitation in maximum temperature. It was 
seen that at temperatures higher than 1500 °C the Pt-thermoelements of the type R 
thermocouple formed a eutectic with the graphite crucible. This caused the 
thermocouple measurement junction to become brittle and break. This limits the 
application of this design to temperatures below 1500 °C. This approach showed that 
the ideal of self-validation at high temperatures was sound. It also showed that one 
could use much less material (by factor of 1 0 s) for self validation compared to 
conventional laboratory fixed points. Finally it also showed that this approach can be 
used to correct for inhomogeneity effects which are generally the dominant source of 
uncertainty for industrial thermocouples such as base metal and refractory metal 
thermocouples.
In order to improve the reliability of high temperature measurement above 1500 °C, 
the refractory metal W/Re thermocouple, which is widely used to at least 2300 °C was 
studied. The integrated cell approached in Chapter 5 could not be used with W/Re 
thermocouples because the tungsten alloy wire is too inflexible and brittle to reliably 
integrate the measurement junction to the fixed point. In addition, the W/Re 
thermocouple in industry generally has to be used with a suitable protective refractory 
metal sheaths (MIMS format), so demonstrating self-validation of that format of 
thermocouple is most important. Therefore a new approach, using an immersion cell 
and through immersing the thermocouple measurement junction into a re-entrant well 
of a miniature fixed point cell is the most suitable for use with a W/Re thermocouple.
The development and construction of mini-immersion cells for the in-situ calibration 
of the W/Re thermocouple (type C) was described in Chapter 6 . The mini-immersion 
cell concept coupled with the metal-carbon eutectic fixed points; Co-C (1324 °C), Pd-
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c  (1492 °C), and Ru-C (1954 °C) was employed to cover in-situ calibration use for 
the W/Re thermocouple to high temperatures to at least 2000 °C. In addition a design 
of a multi-mini cell for the W/Re thermocouple was also trialled by stacking layers of 
different eutectic materials in the same crucible, separated by a graphite gusset. In 
addition thermal modelling was used to confirm the usability of miniature high 
temperature fixed point cells and also the multi-cell design for the in-situ calibration 
of type C thermocouples.
Within Chapter 7, the measurement of three high temperature mini-fixed points 
based on metal-carbon eutectic alloys; Co-C, Pd-C and Ru-C for self-calibrating type 
C thermocouple was studied. The Co-C and Pd-C cell were measured with the MIMS 
type C thermocouple diameter 1.5 mm. For Ru-C cell, the diameter of the 
thermocouple was increased from 1.5 mm to 3.0 mm to mitigate for the shunting 
effect of thermocouple insulator at high temperature. The measurement results of the 
mini-cells divide into two main aspects. Firstly, the repeatability of the measurements 
was investigated by repeating several melts when the furnace was set at the same 
melting offset. Secondly, the effect of the thermal environment was investigated to 
evaluate how the change of furnace environment influenced the melting emf. The 
effect of the thermal environment was investigated by varying different furnace 
melting offset temperatures.
For the Co-C cell (1324 °C), using a mass of only about 2.8 g of Co-C alloy, the self­
calibration emf was found to be, for the thermocouple under test, approximately 
107 pV or 7 °C below the reference emf value for type C thermocouples. For the Pd- 
C cell (1492 °C), using a mass of only about 4 g of Pd-C alloy, the self-calibration 
emf for the same thermocouple was found to be, for the thermocouple under test, 
approximately 285 pV or 18 °C below the reference emf value for type C 
thermocouples. Both these results show the great value of in-situ calibration for the 
new type C thermocouples were a long way firom their expected output. Analysis of 
the repeatability of the melts for these small cells measured by the same type C 
thermocouple was 0.075 °C for the Co-C cell and 0.15°C for the Pd-C cell. The 
relationship between the furnace offset and the thermocouple emf output showed 
good linearity for the miniature Pd-C and Co-C cell. For every 1°C of furnace offset 
firom the melting temperature, the emf value of Co-C and Pd-C increased by 0.07°C
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and 0.25 °C, respectively. This is important because it shows that, at least at these 
modest temperatures, that the immersion approach to self-validation is relatively 
insensitive to thermal conditions.
A study was also performed with a Ru-C fixed point cell. This was larger than the Co- 
C and Pd-C cell due to the larger thermocouple being used. Interestingly the results 
show a significant drift (from melt to melt) even in a short period of the measurement. 
The short term drift from the repeatability measurements was 7.1 pV/ h or 0.6 °C /  h. 
By offsetting the drifts, the average melting emf was 31938.1± 9.2 pV which was 
88.5 °C below the new thermocouple reference value. This is a huge departure from 
the specified 1% performance of new type C thermocouples.
The thermal environment was investigated in a similar way to the Co-C and Pd-C 
cells above. Interestingly though unlike the miniature Co-C and Pd-C (where the 
melting emf was linear proportional to furnace offset) there was no clear linear 
relationship for the miniature Ru-C fixed point. This indicated positively the 
immersion in the larger fixed point was sufficient to mitigate, within the uncertainty, 
the effect of the furnace.
A long term stability test o f the larger type C thermocouple after being exposed at 
temperatures above 1900 °C was performed in the Ru-C cell (1953°C). This 
thermocouple exhibited an emf shift corresponding to about 90 °C from the standard 
reference value after the first 5 hours of exposure to high temperatures. This 
significant shift arose from the strain introduced during the thermocouple 
manufacturing process and the inter-diffusion at high temperature of thermocouple 
materials e.g. rhenium and oxygen. Therefore an important finding of this study is that 
to get best stability, the W/Re thermocouple should be annealed at just above its 
maximum used temperature for at least 5 hours before use.
An important measure of the value of self-calihration is an estimation of its 
measurement uncertainty. It is clear that this would be much lower than normal 
refractory metal thermocouple calibration because in this case (i.e. the case of in-situ 
validation) the thermoelectric inhomogeneity can be omitted from the uncertainty 
budget. This causes a very large decrease in the calibration uncertainty for the type C 
thermocouple. The results and associated uncertainty endorse the utility of the
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approach of self-calibration of the type C thermocouple by employing the eutectic 
fixed point cells of Co-C, Pd-C and Ru-C for the measurement temperature to 2000 
°C. This measurement method at all cells gives ahout a factor of two lower 
uncertainties than that comparison method for type C thermocouple reported. But this 
is only part of the story. The uncertainty is lower than other approaches but this low 
uncertainty is maintained during the lifetime of the thermocouple when self-validation 
is used whereas it is immediately lost when other approaches are followed.
Finally in the last part of Chapter 7, a trial mini-multi cell for W/Re thermocouple 
self-validation, containing the different eutectic materials (Fe-C and Co-C), in the 
same crucible was investigated. The prototype of mini-multi cell was investigated 
with a type C thermocouple. The repeatability of the self- validating type C 
thermocouple (melt-to-melt) was found to be 1.8 p,V or 0.11 °C for the Fe-C and 1.5 
pV or 0.10 °C for the Co-C. When the thermal environment was investigated, it was 
found that for every 1°C of furnace offset fi-om the melting temperature, the emf value 
will increase hy 0.25 °C for the Fe-C and hy 0.6 °C for the Co-C respectively. It was 
seen that in principle the multi-cell is a feasible solution for self-calibration where 
variations in thermovoltage with temperature may be anticipated. However one 
practical point is that the thermometer well should be re-designed so that there is an 
equal area of material around the thermocouple measurement junction.
In conclusion, in this thesis both experimental and theoretical studies that enable new 
approaches to improve high temperature thermocouple thermometry to 2000 °C have 
been presented. This work should provide the basis to facilitate step change 
improvements in thermocouple operation at high temperatures. A comparative study 
between the Pt/Pd thermocouple with more conventional noble metal Type R was 
undertaken in Chapter 4 and quantitatively demonstrated the enhanced performance of 
the new thermocouple. The in-situ calibration of thermocouples by using miniature 
fixed points has been evaluated to reduce the thermocouple calibration uncertainty for 
industrial applications. The mini-integrated cell for the range up to 1500 °C for the 
noble thermocouples was demonstrated in Chapter 5 and the mini-immersion cell for 
the range up to 2000 °C applied to MIMS format W/Re thermocouples was designed 
and investigated in Chapter 6  and 7. This work suggests that the mini-immersion cell 
is the most promising design for thermocouple self-calibration at high temperatures.
183
8.3 Future work
An investigation within this thesis of the Pt/Pd thermocouple showed that it had 
superior performance compared to the conventional noble thermocouple types R, S 
and B. As such to make best use of this reduced uncertainty use of high temperature 
fixed points should he widely implemented as calibration tools for these sensors. This 
is now already in place at NPL. A rigorous examination of the uncertainty of 
thermocouple calibrations with the new high temperature fixed points e.g. Fe-C, Co- 
C, Pd-C compared to the original wire bridge method of calibration should be 
undertaken.
From the study of thermocouple inhomogeneity by the immersion method, it is clear 
that inhomogeneity measurement would he improved by using a deeper uniform 
temperature source such as temperature oil bath and heat pipe. In addition a computer 
controlled translation stage for scanning the thermocouple into (and out of) the 
uniform heat sources would improve the inhomogeneity measurement. These have 
now been implemented at NPL in the light of the findings of this thesis.
The mini-cell in immersion cell format which was performed with the W/Re 
thermocouple appears to be suitable for most thermocouples. The application of self- 
calibrating immersion cells widely in industry would lead to a step-change 
improvement in high temperature thermometry. This can be made for the base metal 
thermocouple, noble metal thermocouple and refractory metal thermocouple with 
appropriate fixed point to the intended temperature of use. In addition, other designs 
of the mini- multi cells could be integrated with three or even more ingots.
An interesting study would be of a new high temperature refractory material which 
could be used for high temperature thermocouples above 2000 °C e.g. a graphite 
thermocouple. In addition, the study of the higher eutectic fixed point self-validating 
cells such as Fr-C (2292 °C), Re-C (2474 °C) and TiC-C (2761°C) could be performed 
for ultra-high temperature measurement. Finally, the comparison calibration between 
the refractory thermocouple integrated with the mini-high temperature eutectic fixed 
points and an original ITS90 radiation thermometry method would be interesting to be 
undertaken to compare the results.
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Appendix 1
Thermocouple reference function
The following table contains set of polynomial coefficients used to compute emfs for 
the thermocouple type R, Pt/Pd and type C when the reference junctions are at 0 °C. 
The coefficients given are for the expression of the form:
E (T j )  =  ci-fj +
In this expressionE  is in millivolts and t is in °C and ao, aj, a2 ,...,a„  are coefficients 
given in the following tahle.
Temperature
Range
-50 °C 
to
1064.18 °C
1064.18 °C 
to
1664.5 °C
1664.5 °C 
to
1768.1 °C
ao 0.0 2.951 579 253 16 1.522 321 182 09 xK f
ai 5.289 617 297 65 xlCT -2.520 612 513 32 xlCT -2.688 198 885 45 x l0 ‘
1.391 665 897 82 xlCT 1.595 645 018 65 xlCT 1.712 802 804 71 xlCT
as -2.388 556 930 17 xlCT -7.640 859 475 76 xlO" -3.458 957 064 53 xlCT
Ü4 3.569 160 010 63 xlOrll 2.053 052 910 24 xlOrl2 -9.346 339 710 46 xlO -15
as -4.623 476 662 98 xlO1-14 -2.933 596 681 73 xlO-16
ae 5.007 774 410 34 xlO1-17
a? -3.731 058 861 91 xlO-20
as 1.577 164 823 67 xlO-23
Ü9 -2.810 386 252 51 xlO1-27
Table A 1.1 Type R thermocouple [34]
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Temperature
Range
0°C
to
660.323 °C
660.323 °C
to
1500 °C
ÜQ 0.0 -4.977 137 0 xlO'^
ai 5.296 958 xlO'^ 1.018 254 5 xlO'^
a i 4.610 494 xlO'^ -1.579 351 5 xlO'^
as -9.602 271 xlO'^ 3.636 170 0 xlO’*
a4 2.992 243 xlO'" -2.690 150 9 xlO'"
as -2.012 523 xlO"^ '* 9.562 736 6 xlO’’^
as -1.268 514 xlO'^^ -1.357 073 7 xlO'^^
Ü7 2.257 823 xlO'^°
as -8.510 068 xlO'^
Table Al .2 Pt/Pd thermocouple [116]
Temperature
Range
0°C
to
630.615 °C
630.615 °C
to
2315°C
ao 0.0 4.052 882 3 xlO'^
ai 1.342 603 2 xlO'^ 1.150 935 5 xlO'^
as 1.192 499 2 xlO'^ 1.569 645 3 xlO'^
as -7.980 635 4 xlO'^ -1.370 441 2 xlO'^
a4 -5.078 751 5 xlO’’^ 5.229 087 3 xlO'^^
as 1.316 419 7 xlO'^ '* -9.208 275 8 xlO'^^
as -7.919 733 2 xlO " 4.524 511 2 xlO‘^ °
Table A l.3 Type C thermocouple [34]
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Appendix 2
Phase diagrams of binary metai-carbon 
alioys
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Figure A .l Phase diagram of Co-C [13]
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Figure A.2 Phase diagram of Fe-C [13] 
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Figure A.3 Phase diagram of Pd-C [13]
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Figure A.4 Phase diagram of Ru-C [13]
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Appendix 3
The uncertainty budget table
The uncertainty budget table for the type R thermocouple with the integrated mini­
fixed point cells of Ag, Co-C, Fe-C and Pd-C described in Chapter 5 are given in 
following tables.
Uncertainty contribution Distribution Standard uncertainty
Reproducibility / //V Normal 2.4
Plateau determination / f N Rectangular 0 . 6
Thermal environment / //V Rectangular 8.7
Temperature of Co-C / //V Normal 1 . 8
Voltmeter calibration / //V Rectangular 0.3
Spurious emf / jlN Rectangular 0.3
Ice point uncertainty / f N Rectangular 0.3
Combined uncertainty (A: = 1) / / N 9.3
Expanded uncertainty (A = 2) / / N 18.6
Expanded uncertainty (A = 2) / °C 1.3
Table A3.1 The uncertainty budget of the type R thermocouple integrated with the Co-C 
mini-cell (full-size).
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Uncertainty contribution Distribution Standard uncertainty
Reproducibility / f N Normal 5.0
Plateau determination / f N Rectangular 0 . 6
Thermal environment / f N Rectangular 1 . 2
Temperature of Co-C / f N Normal 1 . 8
Voltmeter calibration / f N Rectangular 0.3
Spurious emf/ f N Rectangular 0.3
Ice point uncertainty / f N Rectangular 0.3
Combined uncertainty (A = 1) / f N 5.5
Expanded uncertainty (A = 2) / f N 1 1
Expanded uncertainty (A = 2) / °C 0 . 8
)le A3.2 The uncertainty budget of the type R thermocouple integrated with the Co-C
li-cell (half-size).
Uncertainty contribution Distribution Standard uncertainty
Reproducibility / f N Normal 2 . 0
Plateau determination / f N Rectangular 0 . 6
Thermal environment / f N Rectangular 2.9
Temperature of Ag / f N Normal 2.9
Voltmeter calibration / f N Rectangular 0.3
Spurious emf / f N Rectangular 0.3
Ice point uncertainty / f N Rectangular 0.3
Combined uncertainty (A = 1) / f N 4.7
Expanded uncertainty (A = 2) / f N 9.5
Expanded uncertainty (A = 2) / °C 0.7
Table A3.3 The uncertainty budget of the type R thermocouple integrated with the Ag mini­
cell (full-size).
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Uncertainty contribution Distribution Standard uncertainty
Reproducibility / jlN Normal 3.2
Plateau determination / j i N Rectangular 0 . 6
Thermal environment / //V Rectangular 9.2
Temperature of Fe-C/ jlN Normal 2 . 0
Voltmeter calibration / //V Rectangular 0.3
Spurious emf / //V Rectangular 0.3
Ice point uncertainty / //V Rectangular 0.3
Combined uncertainty (A = 1) /  j l N 1 0
Expanded uncertainty ( k  = 2 )  1  jlN 2 0
Expanded uncertainty ( k  =  2 )  /  ° C 1.4
lie A3.4 The uncertainty budget of the type R thermocouple integrated with the Fe-C mir 
(half-size).
Uncertainty contribution Distribution Standard uncertainty
Reproducibility / jlN Normal 4.0
Plateau determination /  / J V Rectangular 0 . 6
Thermal environment / j u Y Rectangular 1 0 . 8
Temperature of Pd-C / //V Normal 1 . 8
Voltmeter calibration / j u V Rectangular 0.3
Spurious emf / jlN Rectangular 0.3
Ice point uncertainty / / J V Rectangular 0.3
Combined uncertainty ( k  =  l ) /  / J V 1 1 . 6
Expanded uncertainty ( k  =  2 )  /  / J V 23
Expanded uncertainty (Â: = 2) /  °C 1.7
Table A3.5 The uncertainty budget of the type R thermocouple integrated with the Pd-C mini- 
cell (half-size).
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